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SUMMARY
The f i r s t  chapter is  concerned w ith  an investigation in to the k ine tics 
and mechanism of the base-catalysed hyd ro lys is  of some substituted phenyl 
ch lo ro fo rm âtes. A  study of k in e tic  isotope effects and activa tion param eters 
fo r  the hyd ro lys is  of phenyl ch lo ro fo rm ate  indicates that acetate ion and pyrid in e  
act as nuc leophilic  cata lysts. Both the spontaneous and pyrid ine  catalysed 
hydrolyses of substituted phenyl ch lo ro fo rm âtes f i t  a Ham m ett p lo t. The effect 
of solvent p o la r ity  and added sa lt indicates that there is  l i t t le  charge separation 
in  the tran s ition  state fo r  hyd ro lys is . The mechanism of reaction  is  discussed.
The resu lts  of an investigation in to  the ro le  of nucleophilic  and general 
base cata lys is  by pyrid ine  and m ethy lpyrid ines in  the hyd ro lys is  of a ry l 
acetates are presented in  Chapter 2. A c tiva tion  param eters fo r  severa l of 
these reactions have been determ ined. The size of the k ine tic  isotope effect 
indicates nucleophilic  ca ta lys is . Substitution at the 2 -pos ition  in  pyrid ine  
prevents nucleophilic  ca ta lys is , but a much s low er general base catalysed 
pathway was detected, and i t  is  argued that th is occurs even when nuc leophilic  
cata lys is  appears to be the mechanism .
The th ird  chapter is  concerned w ith  the study o f m ice lle  effects in  the 
base-catalysed hyd ro lys is  of a ry l acetates. I t  was thought that the base 
2(2 -hyd roxye thy l)-pyrid ine , in  which nuc leophilic  cata lys is  due to the n itrogen 
is  e ffec tive ly  blocked by substitu tion at the two pos ition , would have a tendency 
to fo rm  in tra m o le cu la r hydrogen bonds w ith in  the hydrophobic m ic e lle  
environm ent, and hence to enhance the nuc leop h ilic ity  of the hydroxy l group.
No evidence was found to suggest that such a process occurs in  the m ice lle  
solutions used, but the hydrogen-bonded configuration is  shown to be form ed
in  carbon te trach lo ride  solution.
Substrate substituent effects in  the enzymatic hyd ro lys is  of a se ries 
of a ry l acetates are  investigated in  Chapter 4. I t  is  found that substituent 
effects can change the observed enzymatic mechanism. The possession of a 
4 -n itro  substitutent by the substrate is  also shown to be of m echanistic 
im portance. An analogue com puter was used to s im u la te  the k ine tic  re su lts , 
and fac to rs  involved in  the change of mechanism are discussed.
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C H A P T E R  O N E
K tN E IïC S  AND MECHANISM OP THE BASE-CATALYSED 
HYDROLYSIS OF SOME SUBSTITUTED PHENYL CHLOROFORMATES
2-
1. INTRODUCTION
Studies of the spontaneous hyd ro lys is  of a lky l ch lo ro fo rm âtes in  aqueous
solvents have revealed a change in  mechanism fro m  S^2 to S ^ l along the series
m ethy l, e thy l, p ro p y l and isop ropy l^ . The evidence fo r  the change in
mechanism is  derived fro m  changes observed in  values of the thermodynam ic
functions , Z \ s ^  , and C^ . A  la rge , pos itive  change i n Z \ s ^
2along the series m ethyl to is o p ro jy l indicates such a change in  mechanism .
A  p lo t of a g a in s tZ \s  resu lts  in  two d is tin c t s tra igh t lin e s , which do
not in te rsec t one another in  the reg ion of in te res t and th is  evidence also indicates
3
a change in  m echanism . However, i t  has been demonstrated in  the hyd ro lys is
of a se ries  of p r im a ry  a lky l ch lorosulphates, that such a re la tionsh ip  cannot
always be used unambiguously to establish the p lu ra lity ,  o r  o therw ise, of
mechanisms along a se ries  of re la ted  compounds. The observed changes in
the value of , which becomes less negative in  the case of a change inP
mechanism along th is se ries , is ,  however, thought to be a re lia b le  ind ica tion
4 5of a change in  mechanism . There is  also evidence fo r  a s im ila r  change in
m echanism in  the reaction  o f ethyl ch lo ro fo rm ate  w ith  a series of substituted
an ilines.
F o r the hyd ro lys is  of phenyl ch lo ro fo rm ate  the evidence indicates an
m echanism ^, although the ra te -de te rm in ing  step may be fo rm a tion  of the 
7te trahedra l in te rm ed ia te  , loss of ch lo ride  ion, o r  loss of phenate ion. The 
8observation that the observed ra te  constant fo r  the reactions o f e lectron-donat­
ing substituents, in  the hyd ro lys is  of substituted phenyl ch lo ro fo rm âtes in  aqueous
—3"
acetone, do not fa l l  on a lin e a r Ham m ett p lo t using <ror cr constants could, 
however, be in te rp re ted  in  te rm s of a change in  mechanism analogous to that 
which has been shown to occur in  the a lky l ch lo ro fo rm ate  se ries . The evidence 
of entropy-enthalpy co rre la tio n s , of k ine tic  isotope effects, and of solvent 
effects fo r  the hyd ro lys is  of the substituted phenyl ch lo ro fo rm âtes are , however, 
against such an in te rp re ta tion . Th is present study was undertaken in  an attempt 
to c la r ify  the mechanisms by which substituted phenyl ch lo ro fo rm âtes undergo 
hyd ro lys is .
C h loro form âtes have been extensively used to study reactions invo lv ing  
replacem ent of ch lo rine  attached to an acyl carbon. A c id  ch lo rides themselves 
tend to react too qu ick ly  fo r  th e ir k ine tics  to be fo llowed by conventional 
techniques. The in se rtio n  of an oxygen atom, between the hydrocarbon group 
and the acyl carbon, frequen tly  slows down the reaction  ra te  to w ith in  the range 
which may be conveniently studied. B im o lecu la r reac tion  ra tes fo r  attack at 
the acyl carbon are  dependent on the low  e lectron  density on the acyl carbon 
but, in  the presence of an attached ether linkage, the e lec tronegativ ity  of the 
carbonyl oxygen can be countered by conjugative re lease fro m  the ether oxygen. 
In  effect, such a process gives in it ia l state s ta b iliz a tio n  in  ch lo ro fo rm âtes, of 
a type not possib le in  the series  of re la ted  carboxy lic  acid ch lo rides.
The chem ical reactions of ch lo ro fo rm ate  esters have been extensively 
3 10reviewed ’ . N ucleophilic  substitu tion  reactions of these compounds fo rm a lly
p a ra lle l those of o ther types of ca rboxy lic  acid este rs , although acid-cata lysed 
reactions are  not of any m a jo r im portance. S tra igh tfo rw ard  hyd ro lys is  of 
ch lo ro fo rm ate  esters yielcfethe corresponding alcohol o r  phenol, hydrogen
ch lo ride , and carbon d ioxide, although com plications can a rise  fro m  the 
fu rth e r  reaction  of the libe ra ted  alcohol o r phenol w ith  the ch lo ro fo rm ate  to 
y ie ld  a d isubstitu ted carbonate as a side product. The conditions and 
mechanisms fo r  both the fo rm a tio n  and the decomposition of such carbonates 
are w e ll understood^^’ and i t  is  possib le to ensure that such side reactions é
do not in te rfe re  w ith  the h yd ro ly tic  pathways under study. O ther recent s tud ies^^ ’ #
have examined the mechanisms of hyd ro lys is  and carbonate fo rm a tio n  of 5
substituted ch lo ro th io fo rm ate  esters .
&
I
_____
—5"-
2. RESULTS AND DISCUSSION
The ra tes of spontaneous hyd ro lys is , k(obs), of a se ries of substituted 
phenyl ch lo ro fo rm âtes, w ith  substituents va ry ing  fro m  4-MeO to 4-NO ^, w ere 
determ ined in  aqueous dioxan by spectropho tom etrica lly  m on ito ring  the 
absorbance of the substituted phenol released on hyd ro lys is . A  p lo t of log  
k(obs) against the Hamm ett cr constants is  lin e a r (F igure 1). The co rre la tio n  
coe ffic ien t, r  fo r  th is p lo t is  0. 991, and thus provides no evidence fo r  a 
change in  mechanism as the substituent is  changed.
In  fu rtherance of the m echanistic study of these reactions the ra te  of 
hyd ro lys is  o f phenyl ch lo ro fo rm ate , as a function o f the w a te r content in  the 
aqueous dioxan reaction  m edium , was studied (Table 1). The sm a ll e ffect upon 
the ra te  of reac tion  caused by a change of solvent fro m  pure w a te r to 10% 
aqueous dioxan indicates a tra n s itio n  state in  which there is  l i t t le  charge 
separation ; i t  m ay also ind ica te fo rm a tion  of a cyc lic  tra n s itio n  state (1) by 
the synchronous tra n s fe r of a p ro ton  fro m  w ater to the carbonyl group as the 
ch lo ride  ion  leaves.
HO O
H
(I)
The lin e a r fre e  energy co rre la tio n ^^  
log  k  = log  k^ + m Y
—6—
F igu re  1 ; Ham m ett p lo t fo r  the hyd ro lys is  of 
phenyl ch lo ro fo rm âtes a t 25°
2>0
cnjO
cn
0-4O-  0 ' 4 cr
—7—
TABLE 1
V a ria tio n  of k(obs) w ith  w a te r content fo r  the 
hyd ro lys is  of phenyl ch lo ro fo rm ate  in  aqueous dioxan at 25. 0°
% W ater (v /v) 10 20 30 40 50 60 70 80 90
10^ k(obs) s "^  0.34 1.0 1.8 3 .1  4 .9  6 .1  7 .8  9.1 10.9
TA B LE  2
H yd ro lys is  of phenyl ch lo ro fo rm ate  in  va rious acetate 
bu ffe rs  at 25°
I  = 0. IM  
[0A c“ ] M 
pH
0.05 0. 06
[PhOCO.Cl]
0. 07 0. 08
2 “ 1 10 k((ÿs) s
= ca. 10 
0. 09
M 
0.10
r
4.31 2.10 2.31 2. 59 2.84 3.30
4.62 2.28 2. 53 2. 74 3.04 3.31 3.54
5.03 2.31 2.59 2.72 2. 99 3.20 3.45
5.17 2. 29 2.56 2.96 3.44
5.31 2.37 2.63 2. 81 2.95 3.29 3.43
5. 86 2.24 2.86 3.30
od iffe ren tia te  between and so lvo ly tic  m echanism s. F rom  the resu ltsN N
in  Tab le 1, there is  a lin e a r c o rre la tio n  between log  k(obs), fo r  less aqueous
media, and the values of the solvent param eter Y fo r  aqueous dioxan,
although th is  c o rre la tio n  does not extend in to  the m ore  aqueous reg ion
(F igure 2). The value found fo r  m of 0.193 is  substantia lly  d iffe re n t fro m  the
values noted^^ fo r  a num ber of S ^ l reactions. Th is  find ing , together w ith
the n o n -lin e a rity  of the p lo t of log  k(obs) against Y  over the complete solvent
range, is  in  favour of an S^2 m echanism . There is  also a non -line a r re la tio n -
17ship between log  k(obs) and the values o f E ^ , a solvent p o la r ity  param eter , 
fo r  aqueous dioxan (F igure  3).
In  o rde r to a tta in  a m ore  general understanding of the h yd ro ly tic  
mechanisms of substituted phenyl ch lo ro fo rm âtes, the general base cata lys is  
of the reactions w ere  studied. Some therm odynam ic studies and an investiga­
tion of solvent isotope effects fo r  the reactions w ere  also conducted.
The ra tes of hyd ro lys is  of phenyl ch lo ro fo rm ate  in  a v a r ie ty  of acetate 
bu ffe rs  are  presented in  Table 2. F o r reasons of s o lu b ility  the reaction  m edia 
contained 10% dioxan ; the io n ic  strength  was m aintained at a value of 0 .1  M 
by addition of the requ is ite  amounts o f potassium ch lo ride . In te rp re ta tion  of 
the resu lts  may be achieved by considering the component te rm s of the observed 
ra te  constant ; the spontaneous reaction , k^, cata lys is  by hydroxide ion, k(OH ),
%
where k and k are  the f i r s t  o rd e r so lvo ly tic  ra te  constants fo r  a ce rta in  sub- |
stance in  a solvent and in  the standard solvent (80% ethanol) respective ly , and
m is  the param eter m easuring s e n s itiv ity  of the so lvo lys is  ra te  to Y , the
16m easure of ion is ing  power of the solvent, has been used in  an attem pt to "
I
“9“
(F igure 2 ; Y  p lo t fo r  the hyd ro lys is  of phenyl ch lo ro fo rm ate  at 25 )
cn
CO
(F igure  3 ; E ^ p lo t fo r  the hyd ro lys is  o f phenyl ch lo ro fo rm ate  at 25 )
o
_QO
cnO
CO
o
o
oo
G
O
O
44 52 6 0  p  6 8T
-10-
and cata lys is  by acetate ion, k(OAc ). I t  can be seen fro m  Table 2 that, at
constant acetate ion  concentration, the ra te  is  independent of pH, so that the
effect of hydroxide ca ta lys is , k(OH ), is  neg lig ib le  in  th is  pH reg ion  and may
be ignored. The average value o f k(OAc ) fo r  the s ix  acetate b u ffe rs , given
by the slope of a p lo t of k(obs) against the concentration o f acetate ion, is  
-1 -10.23 1 m ol s . The average value of the in te rcep t, which corresponds to
-3  -1the average value of k^, is  9. 0 x  10 s . This value does not correspond
-3  -1exactly w ith  the value of 10, 9 x  10 s obtained in  Table 1 due to the d iffe rence
in  ion ic  strength between the two se ries .
The ra te  determ inations w ere  repeated fo r  the acetate b u ffe r of pH
value 5.17 a t two d iffe re n t tem pera tures, g iv ing values of 5.15 x  10 ^ and 
“1 -1 -15. 6 X 10 1 m o l s fo r  k(OAc ) respec tive ly  (Table 3). These re su lts ,
and the value of k(OAc ) at 25. 0^, obtained p rev ious ly  (Table 2), w ere  used
in  an A rrh e n iu s  p lo t (Appendix 1). The re su ltin g  p lo t is  lin e a r  and gives a
value fo r  H^ andZXs*^ of 16.1 k cal m o l ^ and -  4. 9 cal m o l ^ K  ^
respec tive ly  fo r  the acetate catalysed reaction .
The ra te  determ inations w ere  also repeated fo r  an acetate bu ffe r in
DgO, containing 10% dioxan, and the values of k(obs) found a re  given in  Table
4. The pD o f the acetate b u ffe r was 5.17 and was determ ined by use of the 
18re la tionsh ip  ^
pD = pH + 0.4 ,
-1 -1F o r reaction  in  D^O, k(OAc ) is  0.20 1 m o l s and, by com parison w ith  the
-1 -1value of k(OAc ) in  H^O of 0. 23 1 m o l s , obtained fro m  the data in  Table 2,
— 11“
TABLE 3
H yd ro lys is  o f phenyl ch lo ro fo rm ate  in  an acetate bu ffe r 
(pH 5.17) at d iffe re n t tem peratures
I  = 0 .1  M  [phO C O C l] = ca 10” ^M
b u ffe r contains 10% dioxan
[0 A c” ] m  0 .04 0.06 0.08 0. 10
Temp. 10^ k(obs) s ^
10. 8 0. 60 0.70 0. 81 0.91
35.0 4 .75  5.85 7.00 8. 10
T A B LE  4
H yd ro lys is  o f phenyl ch lo ro fo rm ate  in  an acetate bu ffe r 
in  DgO (pD 5.17) at 25. 0°
I  = 0 .1  M [ PhOCOCl] = ca lO " M
b u ffe r contains 10% dioxan
[0 A c " j M  0.05 0.06 0.08 0.10
10^ k(obs) s” ^ 1.47 1.77 2.10 2.50
12-
3 2 II 3 2 II
O  O
H 2 O fast
the solvent isotope effect k(H 0 )/k(D  O), fo r  acetate ca ta lys is , is  1 .1 . A
solvent isotope effect o f th is  magnitude indicates that the reaction  involves 4
nucleoph ilic  ra th e r than general base ca ta lys is . The sm a ll negative value f%
fo rA S ^  , obtained fro m  the A rrhen ius  p lo t may ind ie ate that no w a te r |
im olecules are  d ire c t ly  involved in  the fo rm a tion  of the tra n s itio n  state in  the
I
reaction . On the basis of these pieces of evidence, the mechanism in  Scheme |
1 is  proposed.
^ 9 %  s lo w  _CH„CO_ C-^CI ------- > C KC Q T'C  + Cl
CCL4. PhOH +CH3COH i
(Scheme 1)
Gold and co -w orke rs^^  have studied the acetate -  catalysed hyd ro lys is
â
of phenyl acetates, where acetate is  a lso acting as a nuc leoph ilic  ca ta lyst. The ?
ra tio  k(OAc ) /k ^  w hich they observed is  s im ila r  to the ra tio  observed in  th is
present study (21 M  ^). The value o f Z \ s ^  observed fo r  phenyl ch lo ro fo rm ate
21h yd ro lys is  is  less negative than that reported fo r  phenyl acetate hyd ro lys is  . f
I t  appears, however, that the absolute value o f^ 8  is  not d iagnostic, but
la rg e  d iffe rences should be m an ifest in  the value o f Z \  S ^  fo r  the same species
acting as a general base and a nucleophile w ith in  the same fa m ily  of reactions.
20 21 'The w o rk  of Gold et a l ' on the acetate-catalysed hyd ro lys is  of a
that the ra tio  k(OAo ) /  k^ is  1. 8. Com parison w ith  the h igher ra tio s  obtained
-13-
series  of substituted phenyl acetates con firm s the dependence of the p re fe rre d  
mechanism on the s ta b ility  o f the leaving phenoxide group ; the g rea te r the 
s ta b ility  of the leaving phenoxide group, the g rea te r is  the tendency fo r  acetate 
to act as a nucleoph ilic  ca ta lys t. T h is  trend continues w ith  the m ore reac tive  i
substrate , phenyl ch lo ro fo rm ate . I t  is  by no means ce rta in , however, that 
nucleoph ilic  cata lys is  in  such a reaction  occurs to the exclusion of general base 
ca ta lys is . In  such a s itua tion  i t  is  possib le  that one detects only the predom inant
pathway fro m  the concu rren tly  operating mechanisms fo r ,  in  the acetate ^4
tcatalysed hyd ro lys is  of an equally reac tive  substrate , acetic anhydride, the i
acetate m ust act as a general base ca ta lyst ; nucleophilic  a ttack would m e re ly
22regenerate the s ta rtin g  m a te ria l . T h is  m a tte r is  considered in  deta il in
23Chapter 2. I t  has fu r th e r  been observed , fo r  acetic anhydride h yd ro lys is ,
fo r  phenyl acetates and phenyl ch lo ro fo rm âtes may ind ica te  that a d iffe re n t i
mechanism  is  opera tive  in  the case of acetic  anhydride, although such an
in te rp re ta tio n  m ust necessarily  be cautious, fo r  the spontaneous reactions
may have d iffe r in g  m echanism s. In  evidence fo r  the need fo r  c ircum spection ,
23the ra tio  k  (H^O) /  k (D^O) fo r  acetic anhydride hyd ro lys is  is  2 .9  w h ils t the
24same ra tio  fo r  ethyl ch lo ro fo rm ate  is  only 1.95.
I t  was assumed, in  Scheme 1, that the group displaced by nucleophilic  i
attack is  the ch lo ride  ion, w ith  the resu ltan t acetyl phenyl carbonate undergoing 
v e ry  rap id  h yd ro lys is . The a lte rna tive  to th is scheme would invo lve the in it ia l 
displacem ent of the phenolate ion, y ie ld ing  acetyl ch lo ro fo rm ate  which
14-
subsequently reacts  w ith  w a te r in  the second step. Such an a lte rna tive  (Scheme 
2) is ,  however, u n like ly  fo r  the fo llow ing  reasons. (1) As p rev ious ly  mentioned, 
substituent effects co rre la te  w ith  cr ra th e r than cr and the la tte r  would be 
requ ire d  i f  phenolate w e re  the leaving group. Th is  re la tionsh ip  seems to be a
general e ffect fo r  a num ber of re la ted  reactions^. (2) In  the a lcoholysis of
25 13ch loro fo rm âtes and ch lo ro th io fo rm ates the products are  carbonates and
thiocarbonates, and hyd ro lys is  should fo llo w  a s im ila r  course. (3) E thy l
hydrogen carbonate decomposes v e ry  ra p id ly  in  aqueous so lu tion w ith  the
26production of carbon d ioxide and ethanol .
C K C O ^ C -^ P h   > CH C O - i  + PhO“
O  O
H ^ O fast
CH CO H + C O  + C
(Scheme 2)
Another possib le  mechanism which involves the ra te  determ in ing  step 
being the reaction  of phenyl ch lo ro fo rm ate  w ith  w a te r, to fo rm  a te trahedra l 
in te rm ed ia te , is  not in  accord w ith  the evidence of the solvent isotope e ffect, 
which indicates nucleoph ilic  ca ta lys is , o r  w ith  the in te rp re ta tio n  placed upon 
the value o f / \ s  . Thus Scheme 1, o r  some s lig h t v a r ia tio n  of i t ,  p rovides
a reaction  scheme w hich is  consistent w ith  the ava ilab le  evidence.
A ttem pts to study th is  reac tion  over an extended pH range, by u t il is in g
■"15-
bora te  b u ffe rs , w ere unsuccessful owing to the p re c ip ita tio n  of b o r ic  esters
fo rm ed by reaction  of phenyl ch lo ro fo rm ate  w ith  the constituents o f the borate  Ïi27b u ffe r, as has been p rev ious ly  noticed ,
J28I t  has been shown that he te rocyc lic  bases catalyse the hyd ro lys is  of
acetates. By analogy, such bases should also catalyse the hyd ro lys is  of phenyl
ch lo ro fo rm ate . The reaction  is ,  however, too fas t to fo llo w  in  a py rid ine
bu ffe r. Instead, an acetate b u ffe r containing py rid ine  at low  concentration was
29used. Th is  technique has e ffe c tive ly  been used in  a study of the p y r id in e - 'Q
Icatalysed hyd ro lys is  of acetic  anhydride. The p y rid in e  concentration was #
changed by d ilu tio n  of the reaction  m edium w ith  acetate b u ffe r. The io n ic
strength was m aintained a t 0 .1  M . I t  was found that there is  a lin e a r re la tio n
between k(obs) and the concentration of fre e  py rid ine  (F igure  4). I t  was assumed
that the pyrid ine -ca ta lysed  hyd ro lys is  of phenyl ch lo ro fo rm ate  was not
susceptib le to general ac id -ca ta lys is  by the py rid in iu m  ion. F rom  the slope
o f the curve re su ltin g  fro m  a p lo t of k(obs) against the concentration o f fre e
-1 -1py rid in e , k fo r  p y rid ine  cata lys is  is  770 1 m ol s . F o r reaction  a t 10.0
and 35. 0^ the values are 390 and 1025 1 m ol ^ s ^ respective ly . Values of
y \  u n d / \8 ^  , calculated fro m  an A rrhen ius  p lo t, w ere  6 .1  k cal m ol ^
-1 -1and 24. 9 cal m ol K  .
The k fo r  p y rid in e  ca ta lys is  in  D^O is  480 1 m ol s g iv ing  a 
k(H20) /  k(DgO) ra tio  of 1. 6. Th is  value of the solvent isotope e ffect is  too
high to a llow  fo r  an unambiguous assignm ent of the m echanism , although i t  
would be expected that p y rid in e  acts in  the ro le  of a nuc leoph ilic  ca ta lyst, as
—16—
(F igu re  4 ; va r ia tio n  o f k{obs) w ith  p y rid in e  concentration fo r  the 
hyd ro lys is  o f phenyl ch lo ro fo rm ate  a t 25^)
jQ
O [pyridine] M
(F igure  5 ; Ham m ett p lo t fo r  the p y rid ine  -  catalysed hyd ro lys is  
of phenyl ch lo ro fo rm ate  in  90% aqueous dioxan a t 25^)
•3-4(J)
—3 0
0 -4 0-8
O'
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29was found to be the case in  a s im ila r  study w ith  acetic anhydride . I t  is
30genera lly  considered , however, that any value in  the range one to two indicates 
nuc leophilic  ca ta lys is . The la rg e  d iffe rence  in  the values o f / \ S  , between 
py rid in e  and acetate ca ta lys is , may ind ica te  a d iffe re n t mechanism of p y rid ine  
ca ta lys is , fro m  that o f acetate. The displacement of ch lo ride  by p y rid ine  would 
y ie ld  the in te rm ed ia te  (2), the hyd ro lys is  of which may be the slow step in  the 
mechanism.
N f
PhO— C 
O  
( 2 )
A scheme of th is  type would be associated w ith  la rg e  so lvation changes. There 
is  evidence fo r  such va ria tio ns  fro m  the observed entropy change and k ine tic  
isotope effect.
M ore evidence, concern ing the mechanism of th is  reaction  was obtained 
by studying the cata lys is  by p y rid ine  of a se ries of substituted phenyl 
ch lo ro fo rm âtes, using the same experim enta l method. The re su lts  f i t  a 
Hamm ett p lo t (F igure 5), using cr values, w ith  a slope (the value of which 
corresponds to p  ) o f 0.47. The lin e a r re la tionsh ip  w ith  cT , ra th e r than <T ,
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again indicates that the leaving group in  the ra te -de te rm in ing  process is  not 
the phenolate ion. The ve ry  lo w  value of ^  provides fu r th e r  evidence fo r  th is 
postulate and also indicates that there is  ve ry  l i t t le  charge separation in  the 
tran s ition  state. The co rre la tio n  coeffic ien t, r ,  fo r  the single lin e  shown in  
F igure  5 is  0. 989 and there is  thus no evidence fo r  a change in  ra te -de te rm in in g  
step.
The sm a ll charge separation in  the tran s ition  state is  also re flec ted  in  
31the sm a ll effect of added sodium perch lo ra te  upon the ra te  of hyd ro lys is  of
phenyl ch lo ro fo rm ate  {Table 5). The effect of adding sodium azide, however,
reduces the ra te  of reaction  m arked ly  ; 0. 70 M sodium azide reduces the ra te
of reaction  to one tenth of that in  the absence of azide. The azide ion, which
is  a good nucleophile, probably reacts w ith  the phenyl ch lo ro fo rm ate  to fo rm
32an azidoform ate. Azido form ates have been shown to be fa ir ly  unreactive  
towards hyd ro lys is  and thus the ra te  of re lease o f phenolate ion is  reduced.
OPh
 > N3-C + cr
fScheme 3)
An authentic sample of phenyl azidoform ate which was prepared was found to 
hydro lyse v e ry  s low ly . The experim enta l evidence ava ilab le , the re fo re , is  
consistent w ith  a mechanism  as proposed in  Scheme 3.
-19-
TABLE 5
E ffec t of sodium pe rch lo ra te  on the hyd ro lys is  of 
phenyl ch lo ro fo rm ate  in  90% aqueous dioxan at 25. 0^
[PhOCOCl]^ = ca. 1 0 "^ M
[Na C IO J M  0 0. 03 0.13 0.25 0.50 0.70 1.00
3 -110 k(obs) s 11.3 11.1 10.8 10.2 8.83 7.76 6.21
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3. EXPERIM ENTAL
a) Sources, P u rific a tio n , and P repa ra tion  of M a te ria ls .
A l l  reagents used in  k in e tic  studies were of AnalaR grade.
AnalaR , p y rid in e  was re fluxed  w ith  so lid  potassium  hydroxide be fore  
being ca re fu lly  fra c tio n a lly  d is tille d  (b. p t. 115^) through a long V ig reux  column.
Reagent grade 1 ,4 -dioxan was re fluxed over sodium w ire  u n til the surface  ^ S
of the m eta l was not fu rth e r  d iscoloured during severa l hours. I t  was then
5oca re fu lly  d is tille d  (b .  p t. 101 ) fro m  the sod ium ^utilis ing a V ig reux  column.
Thus p u rif ie d  the dioxan was kept in  a frozen  state u n til needed, to prevent %
33peroxide and aldehyde fo rm a tio n  .
Deuteriated w a te r w ith  a stated deuterium  content of 99.7% was supplied ï
by K och-L igh t Labo ra to ries .
P repa ra tion  of substituted phenyl ch lo ro fo rm âtes 4
The substituted phenyl ch lo ro fo rm âtes u tilis e d  in  th is  study are  a ll d
known compounds^^’ and w ere  prepared by methods a lready cited in  the s
36 37 38lite ra tu re  ’ ’ . P hys ica l data concerning these compounds is  recorded in  <
Tab le 6, and the general p repa ra tive  method is  given below.
A  so lution of phosgene (0.14 mole) in  toluene (125 m l) was cooled to
-  10^ in  a three-necked fla s k  equiped w ith  therm om eter, m agnetic s t i r r e r ,  
re flu x  condenser, and dropping funnel. A  solution o f the substituted phenol 
(0,12 mole) in  N, N -d ie th y lan ilin e  (0.12 mole) was added, w ith  s t ir r in g ,  w h ils t 
m a in ta in ing the tem perature below  0^. I f  the substituted phenol was insoluble
__—_:_I_^
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in  N, N -d ie th y lan iline , anhydrous AnalaR acetone (10-20 m l) was added to 
achieve so lution. The reaction  m ix tu re  was then kept below 0^ fo r  three hours, 
a fte r which tim e the tem pera ture  was s low ly  allowed to r is e  to room  tem pera­
tu re . The N, N -d ie th y lan iline  hydroch lo ride  form ed separated out as a p re ­
c ip ita te  and was removed by f i lt ra t io n .  The reaction  m ix tu re , cooled to -  15? 
was then s t ir re d  v igo rous ly  and cold 5% hyd roch lo ric  acid (7 5 m l) was added. 
The toluene la y e r was then separated, washed w ith  ice  w a te r (75 m l), and d ried  
over anhydrous sodium sulphate. Once d ried , the sodium sulphate was removed 
by f ilt ra t io n ,  and the toluene was removed fro m  the re su ltin g  so lution by d is ­
t illa t io n  under reduced p ressu re . The substituted phenyl ch lo ro fo rm ate  which 
rem ained was then p u rif ie d  by ca re fu l fra c tio n a l d is tilla tio n  under reduced 
pressure .
P repa ra tion  o f phenyl azidoform ate
Sodium azide (0. 65g) d issolved in  the m in im um  quantity of 10% aqueous 
dioxan was added s low ly  to a s t ir re d  solution of fre s h ly  d is tille d  phenyl 
ch lo ro fo rm ate  (1.36 g) in  dioxan (25 m l). The m ix tu re  was s t ir re d  fo r  4 hours 
and the solvents removed under vacuum. The residue was dissolved in  ether, 
washed tw ice w ith  cold w a te r, and d ried  (MgSO^). The e ther was removed to
leave a liq u id , w hich was assumed to be phenyl az idoform ate, ^  2150 -1cmmax
(Ng). F u rth e r p u rif ic a tio n  and id en tifica tio n  was not attempted because of the 
39danger of explosion .
b) K ine tic  Method
One drop of a dioxan so lution of the ch lo ro fo rm ate  ( ca. 10 ^ M) was
—22—
added to the bu ffe r contained in  a cuvette in  the therm ostatted ce ll ho lder of a 
Unicam  SP 500 spectrophotom eter. The change in  absorbance w ith  tim e was 
recorded, using a Unicam  SP 22 c h a rt-re c o rd e r and a SP 505 program m e 
re co rd e r. The f ir s t - o rd e r  p lo ts obtained were lin e a r over three h a lf- liv e s . 
Rate constants w ere calculated by the method of Swinbourne (Appendix 2).
TA B LE  6
P hys ica l data concerning substituted phenyl 
Ch loro form âtes
The wavelengths used w ere  as shown in  Table 6. The ion ic  strength 
was kept constant by the add ition of KC l. Spectra were recorded on a Unicam 
SP 800 spectrophotom eter. A  Beckman ’Research’ pH m e te r w ith  calom el 
e lectrode and general purpose glass electrode was used fo r  the m easurement
Substituent B .P . B .P . L i t . % Y ie ld  A  (obs)nm Reference 4t
H - 78-80°
(22 mm)
80°
(22 mm)
84 274
!
36 %
4 -M e - 118-20 
(40 mm)
108 
(30 mm)
89 282 36 1
3 -M e - 95-97 
(20 mm)
103 
(22 mm)
78 275 37
4-M eO - 132-34 
(25 mm)
132 
(24 mm)
87 293 34
4 -C l- 114-15 
(20 mm)
114 
(20 mm)
80 274 38 ^
4-NO - 80-81°G (M .P .) 80 -l°M P 96 400 36
—23—
of pH, Values o f pD , w ere  obtained by using the re la tionsh ip , given p rev ious ly , 
18a fte r F ife  et al.
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C H A P T E R  TW O
NUCLEOPHILIC AND GENERAL BASE CATALYSIS BY
PYRIDINE AND M ETHYLPYRIDINES IN THE HYDROLYSIS 
OF AR YL ACETATES.
..V.
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1. INTRODUCTION
O  , OIl r L .  Ilih '  Y i ^  H
(Scheme 4)
9  oIl IlCH—c  — OAr ----- > CH—C +- OAr
3  t  3  I
B " ■B'*"
H g O fast
Ç (2)
C Hg-C—OH 4- BH*^
(Scheme 5)
Numerous investigations^^ have been made of base-catalysed ester [
hyd ro lys is . In  p a r t ic u la r , the mechanism of hyd ro lys is  of a ry l acetates has 4
been examined in  great de ta il ; these compounds are  w ide ly  used as substrates 
in  enzym atic studies. The two mechanisms which have been genera lly proposed 
fo r  the base-catalysed hyd ro lys is  of such compounds are  (1) general base ca ta lys is  i  
(Scheme 4), where attack of a w a ter m olecule on the carbonyl group of the a ry l 
este r is  assisted by p a r t ia l bond fo rm a tion  to the base (B) and, (2) nucleophilic  
ca ta lys is  (Scheme 5) where the base attacks the ester d ire c t ly  to give an in te r ­
m ediate which is  ra p id ly  hydrolysed.
C H - ^ O A r   >CH— Ç + “ O A r + BH"^
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In  spite of extensive study, however, i t  is  s t i l l  not possib le  to p re d ic t
w ith  ce rta in ty  whether any p a rt ic u la r  cata lysing base w i l l  act as a nucleophilic
o r  a general base cata lyst. The w o rk  in  th is  section of the thesis was undertaken
in  o rd e r to investigate  the c r ite r ia  concerned w ith  th is  p lu ra lity  of mechanism.
20 21I t  has p rev ious ly  been shown, by Gold and h is co -w o rke rs  ’ , that
the two mechanisms m ay occur concurren tly  in  ce rta in  instances. The
simultaneous existence o f the two mechanisms was dem onstrated by trapp ing the
in term ed ia te  produced in  the nuc leoph ilic  pathway and com paring the amount of
in te rm ed ia te  form ed w ith  the amount of reactant consumed. T h e ir  general 
20conclusion was that the tendency fo r  nucleophilic  cata lys is  to occur increases
as the leaving group becomes b e tte r (i. e. the low er the pK^ of the phenol). I t
was shown, fo r  instance, that the acetate-catalysed hyd ro lys is  of 2 ,3 -d in itropheny l
acetate (pK^ = 4. 96) is  100% nucleoph ilic  w h ils t the corresponding reaction  fo r
4-m ethylphenyl acetate (pK^ = 10. 26) is  100% general base catalysed. I t  is  fo r
phenols of in te rm ed ia te  pK^ ( and hence of leaving tendency) that both pathways
may occur ; fo r  example, the acetate-catalysed hyd ro lys is  of 4 -n itropheny l
acetate was found to be 70% nucleoph ilic  and 30% general base ca ta lys is . Gold 
20and co -w orke rs  suggest that the v a ria tio n  of mechanism can be pred ic ted , to 
some extent, by consideration o f the d ifferences in  pK^ values fo r  the acetate 
ion  and the phenoxide ion ; where the phenoxide ion is  much m ore  basic than the 
acetate ion  ( A p K ^  g rea te r than 3), the nucleophilic  mechanism becomes 
ins ign ifican t. Gold et a l. po in t out, fro m  consideration o f Scheme 6, that the 
breakdown of the in te rm ed ia te  by the a lte rna tive  routes -1  and 2 w i l l  depend
-2 7 -
1
I ? "ArO.CO.Me-f- AcO ;? = ±  A rO -C -M e |
OAg
\y
A r O 4- Ac O
(Scheme 6)
upon the anionic s ta b ility  of the a lte rna tive  leaving groups (acetate o r  phenoxide)
which, fo r  com parisons w ith in  a se ries  w ith  close s tru c tu ra l s im ila r it ie s  in  the
leaving groups involved, can be equated w ith  the b a s ic ity  of the species. F o r
the acetate ester of a ve ry  ac id ic  phenol, the reve rse  step (-1) w i l l  be re la tiv e ly  4
in s ign ifican t compared w ith  the favoured breakdown by route 2. Under these
circum stances, nucleoph ilic  ca ta lys is  should be im portan t, although the
nucleophilic  component w i l l  decrease as the quotient (k. k ) /  (k + k ) decreases.1 z -1  z
In  te rm s of such an analysis the co rre la tio n  of the onset of nuc leophilic
ca ta lys is  w ith  increas ing  leaving tendency can be understood, although there
seems to be no obvious reason why general base cata lys is  should cease. The
analysis of Gold and h is  co -w orke rs  im p lic it ly  assumes that general base
cata lys is  occurs w ith  a ll es te ri^bu t that once nucleophilic  ca ta lys is  becomes
30possib le, i t  is  the predom inant pathway. In  a rev iew  of th is  topic Johnson 
quotes Brj6nstedJp values o f ca. 0. 5 and ca. 0. 8 fo r  general base and nucleophilic  
ca ta lys is . Hence, the nuc leoph ilic  pathway is  l ik e ly  to be much m ore  e ffective  
than the general base catalysed reaction  and i t  is  c le a r that, except in  a few 
specia l bo rd e rlin e  cases, i t  would be d iff ic u lt  to detect the general base catalysed 
reaction  when nucleophilic  ca ta lys is  occurs. Under experim enta l conditions
—28—
one w i l l  genera lly  detect only the predom inant pathway, as was noted in  Chapter
1 ; those reactions invo lv ing  both pathways m ust be ve ry  fa s t i f  the general base
cata lys is  pathway is  to be detected. In  v iew  of th is  c r ite r io n , th is study has
necessitated the use of stopped-flow  spectrophotom etry.
The ejqperimental w ork  designed to fa c ilita te  the observation o f the two
separate pathways was based on the fo llow ing  ra tiona le  : py rid in e , an e ffective
41ca ta lyst in  the hyd ro lys is  o f acetic anhydride , is  rendered c a ta ly tica lly  inactive
29 42by substitu tion o f a m ethyl group at the 2 -pos ition  ’ , due to s te ric  hindrance
to nuc leophilic  attack. The same effect is  observed i f  substitu tion occurs in  the
43anhydride, fo r  B u tle r and Gold have shown that p y rid in e  is  not a ca ta lyst fo r
the hyd ro lys is  of 2 ,2 -d im ethy lp rop ion ic  anhydride. P y rid in e  is  also a ca ta lyst
44fo r  the hyd ro lys is  of a ry l acetates and i f  the mechanism is  the same then, by 
analogous reasoning to that above, the a b ility  of py rid ine  to act as a nucleophile 
in  th is  reaction  can also be removed by substitu tion at the 2-pos ition . Any 
general base catalysed reaction  which occurs concurren tly  w ith  the nucleoph ilic  
ca ta lys is  w i l l  then be the only reaction  and, under these circum stances, i t  w i l l  
be possib le to observe and characte rise  th is reaction  pathway.
:: 4
4#6
I
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2. RESULTS AND DISCUSSION
1
The hyd ro lys is  of 4 -n itropheny l acetate in  a se ries  of p y rid in e  and |
I3-m e th y lpy rid ine  b u ffe rs , prepared by ha lf neu tra lisa tion  of the p y rid ine  base %
w ith  hyd roch lo ric  acid, was examined a t three tem peratures and the re su lts  a re  4
given in  Tab le 7. From  these re su lts  i t  was found that a p lo t of log  k(obs) 
against concentration of fre e  (i. e. unprotonated) py rid ine  and 3 -m e thy lpyrid ine  $
is  lin e a r  in  a ll cases, w ith  no in te rcep t (F igure 6 and 7). The ca ta ly tic  |
coe ffic ien ts , given at the foot o f each column in  th is table, w ere used to ca lcu la te 4
activa tion  param eters fo r  the two reactions (Table 11).
The non -pa rtic ipa tion  of a w a te r m olecule in  the ra te -d e te rm in in g  step
of a nucleophilic  ca ta ly tic  process means that, as an in d ica to r of nucleoph ilic  |
ca ta lys is , the ra tio  k(HgO)/k(DgO) should have a value of about un ity^^ ; th is  4
c r ite r io n  should, however, be used w ith  caution, although i t  has a fa ir ly  w ide
v a lid ity . The ra te  of py rid ine -ca ta lysed  hyd ro lys is  of 4 -n itropheny l acetate
in  DgO at 25. 0° was measured and the resu lts  are given in  Table 8. The
ca ta ly tic  coe ffic ien t is  1. 86 x  10 ^1  m ol ^s ^ and k(H O) /  k(D O) fo r  the
reaction  is  thus 1. 0. T h is  re s u lt provides good evidence that the reaction
exhib its nuc leoph ilic  ca ta lys is .
Another c r ite r io n  fo r  nucleoph ilic  cata lys is  has been proposed by Gold 
21and his co -w o rke r who found that in  the acetate-cata lysed hyd ro lys is  o f a ry l
acetates, nuc leophilic  ca ta lys is  is  associated w ith  a sm a ll negative entropy of
-1  -1activa tion  (-10 cal m ol K  ) w h ils t , fo r  general base catalysed reactions the 
value is  much m ore  negative (-30 cal m ol K  ). The absolute values o f / \ S
—30- ,
■iTable 7 }
The hyd ro lys is  of 4 -n itropheny l acetate in  
buffered so lution at various tem peratures
I  = 0. 5 M  [PKPA] ^ = ca. lO "^  M
4 - 1  410 k(obs) s r
o n-------------------- ^ iT C 25.5 35.5 45 .0  |
Ç
0.080 1.96 4 .56  8.42 I
0.16 3.68 7.70 4
Î0.24 5.26 10.2 20.3 4
40.32 6.88 12.8 î
0.40 8.32 15.8 30.6
3 -1  -110 k 1 m o l 8 1.88 3.42 6.80
f r e e ^
0.080
0.16
0.24
0.32
0.40
, 3 ,  , -1  -110 k 1 m ol s
I
6. 50 8.70 16.0 1i.
8.70 17.7 34.6 J
12.0 24.5 46.3 ■|
14.7 30.1 51.4
19.6 36.5 66.7 I
4.46 8.12 14.9
"1
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(F igure 6 ; V a ria tio n  of k(obs) w ith  p y rid ine  concentration 
fo r  the hyd ro lys is  of PKPA at 25. 5°)
CO
JÛ
0-2 0 - 4
(F igu re  7 ; V a ria tio n  o f k(obs) w ith  3 -m e thy lpyrid ine  
concentration fo r  the hyd ro lys is  of PNPA at 25. 5^)
0 2 [3 -me thylpyridine] M
—32—
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found in  th is  present study do not correspond w ith  those found fo r  the acetate- 
catalysed reactions. T h is  c r ite r io n , although not con firm ing  the mechanism as |
being nucleophilic  ca ta lys is , w i l l ,  however, be used la te r  to ind icate a change j
in  mechanism . In  v iew  of the size of the k ine tic  isotope effect fo r  the reaction , "I
41and the previous study of the ro le  of pyrid ine  in  the hyd ro lys is  o f acetic 
anhydride, there  seems to be l i t t le  doubt that the present reactions exh ib it 
nuc leophilic  ca ta lys is .
The substitu tion of a m ethyl group at the 2 -pos ition  o f p y rid in e  prevents 
nucleoph ilic  cata lys is  fo r  s te ric  reasons, as has been p rev ious ly  mentioned ; 
i f ,  then, 2 -m e thy lpyrid ine  accelerates the hyd ro lys is  of 4 -n itropheny l acetate, 
the mechanism m ust be o ther than nucleophilic  ca ta lys is . The pyrid ine -ca ta lysed  
reaction  o f 4 -n itropheny l acetate is  not its e lf  a p a r t ic u la r ly  fa s t reaction , and 
i t  was found that w ith  2 -m e thy lpyrid ine  no other reaction , apart fro m  the 
spontaneous hyd ro lys is , could be detected. However, i f  the general-base 
cata lys is  pathway is  only a sm a ll fra c tio n  of the to ta l reaction , then that reaction  
may be too slow to detect. T h is  study, using 4 -n itropheny l acetate, established 
that the pyrid ine -ca ta lysed  ester hyd ro lys is  is  nucleoph ilic  ; s im ila r  experim enta l 
evidence using a m ore  reac tive  ester would have requ ired  p ro h ib it iv e ly  la rg e  
quantities of D^O to enable the k ine tic  isotope effect to be m easured in  a stopped- 
flow  apparatus.
A  m ore  reactive  ester, 2 ,4 -d in itropheny l acetate, was chosen fo r  fu rth e r 
study. Its  ra te  of hyd ro lys is  in  the presence of pyrid ine , 3 -m e thy lpyrid ine , and 
4 -m e thy lpyrid ine  was examined by use o f a stopped-flow spectrophotom eter.
i
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Table 8
H yd ro lys is  o f 4 -n itropheny l acetate in  D^O
at 25^
Tables 9-11
I  = 0 .5  Iv l [2, 4 -D N P A ] = ca. lO "^  M
Table 9
4 -m e thy lpyrid ine
k (obs) s ^
T°C  'TsTS ' m Ts 4 4 .5 ^
U-CHsCgH^N] M
0.036 0.34 0.50 0.78
0.040 0.48 0.71 1.08
0.054 0. 51 0.85 1.26
0.072 0.63 0.94 1.43
0.20 1.94 3.22 4 .96
0.40 3.38
I  = 0 .5  M  [p N P A ]^ =  ca 1 0 "^ M  f
[ c H N ] _  M  0.11 0.26 0.36 0.465 5** fre e
10^ k(obs) s” ^ 2.02 4 .90  6.80 8.20
H yd ro lys is  of 2 ,4 -d in itropheny l acetate 
catalysed by various p y rid in e  bases
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Table 10
3-m e thy lpyrld lne
k (obs) 8 ^0_ /--L:"" % . ......................-----------------T C 25.2 34.8 44.5  "
0.168 .106 . 165 .264
0.336 .210 .323 .505
0.440 .275 .425 .662
Table 11 
P y rid in e
k (obs) s ^
T°C '  25.2 34.8 4 4 .5
fre e
0.028 0.047 0.088 0.120
0.175 0.281 0.500 0.770
0.250 0.410 0.680 1.070
0.280 0.465 0.775 1.240
0.375 0.595 1.100 1.580
4.............  's
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Table 12
C ata ly tic  coeffic ien ts  fo r  the base-catalysed 
hyd ro lys is  of 2 ,4 -d in itropheny l acetate
I 1 i " l  ” 1k 1 m ol s/V
T°C 25.2 34.8 44.5
P yrid in e 1.60 2.70 4.20
3-m e thy lpyrid ine  6,50 9. 90 15.1
4 -m e thy lpy rid ine  8.02 12.9 20.0
Table 13
A c tiva tio n  param eters fo r  the base-catalysed hydro lyses
of a ry l acetates at 25^
Substrate Base A  h '*'
-1kca l m ol
A s *
-1  -1  ca l m o l K
PNPA P yrid in e 11.6 -32 ( Î  1)
PNPA 4-m  e thy lpyrid ine 10.6 -34 (- 1)
2 ,4-DNPA P yrid in e 8.7 -30 (- 1)
2 ,4-DNPA 3-m e thy lpyrid ine 7.4 -31  ( i  1)
2 ,4-DNPA 4-m e thy lpy rid ine 7.7 -29 (- 1)
2 ,4-DNPA 2-m  e thy lpyrid ine 9.2 -40  (- 1)
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These re su lts  a re  given in  Tables 9-11, the ca ta ly tic  coeffic ien ts fo r  the three
bases are  collected in  Tab le 12, and the activa tion param eters fo r  the hyd ro lys is
of both 4 -n itropheny l acetate and 2 ,4 -d in itropheny l acetate are  given in  Tab le 13.
F rom  the constant values fo r  the two e s te rs ,it is  reasonable to deduce
that the mechanism of hyd ro lys is  is  the same in  both cases, im p ly ing
nucleophilic  cata lys is  in  both bases. The change in  value o î / \ l ^  between
the two esters , becoming less pos itive  in  the case of 2 ,4 -d in itropheny l acetate,
is  re flec ted  in  the increased suscep tib ility  of th is este r to hyd ro lys is .
The s te r ic a lly  hindered base, 2 -m e thy lpyrid ine , was found to act as a
ca ta lyst fo r  the hyd ro lys is  of 2 ,4 -d in itropheny l acetate, a lbe it at a much reduced
ra te  fro m  that found fo r  o ther bases. The ca ta ly tic  coeffic ients fo r  th is  reaction
at 25.3 , 34. 9 and 45. 3° are  2. 80 x  10 4.93 x  10 and 8 .0 5 x 1 0  ^ 1  m o l ^
-18 respective ly , and the activa tion  param eters are as shown in  Table 13.
21Gold and h is co -w orke rs  have observed that a change in  mechanism is  re flec ted  
by changes in  the activa tion  param eters. Such changes a re  seen in  the activa­
tion  param eters given in  Tab le 13 ; the change in  bothZ l^H ^ a n d A s "^  c le a rly
ind ica te a d iffe re n t mechanism and a m ore negative value fo r  A s  corresponds 
21to that observed when the operative fo rm  of cata lys is  changes fro m
nucleoph ilic  to general base. To con firm  that general base cata lys is  occurs
w ith  2 -m e thy lpyrid ine , the solvent isotope effect was measured ; the ra te  of
this reaction  is  slow enough to p e rm it the use of no rm a l spectroscopic
-4  -1techniques. The m o la r ra te  constant fo r  reaction  in  D^O is  7. 50 x  10 1 m ol
-1s and so the value of k(H 0 )/k (D  O) is  3 .7 . Th is  value is  consistent w ith  
general base ca ta lys is  fo r ,  as a w a te r m olecule is  involved in  the ra te -de te rm in ing
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step, there is  a substantia l change in  going fro m  H O to D O. Th is  evidence2 £i i
shows that, although the only detectable pathway of reaction  w ith  the c lose ly  
re la ted , but s te r ic a lly  unhindered, bases is  a ttrib u tab le  to nuc leophilic  ca ta lys is , 
2 -m e thy lpyrid ine  catalyses the reaction  v ia  the general base pathway. I t  seems, 
there fo re , w ith in  th is  se ries  of p y rid in e  bases, that general base and nuc leophilic  
ca ta lys is  operate as concurren t pathways, general base ca ta lys is  occu rring  w ith  
a l l the py rid ine  bases, and that one pathway is  not replaced by the other as the 
leaving tendency of the departing phenoxide changes.
28A  series  of s tru c tu ra lly  s im ila r  amines have been observed to give a
lin e a r B r^nsted p lo t fo r  data concerning th e ir  ca ta ly tic  reac tion  w ith  2 ,4 -
d in itrophenyl acetate. However, fo r  2 ,4 -d in itropheny l acetate, a p lo t of p y rid in e
pK^ fo r  the three pyrid ines  used in  th is  study against log  k is  not lin e a r, as i t  is
fo r  4 -n itropheny l acetate ca ta lys is . The pK^ of 2 -m e thy lpyrid ine  is  ve ry
45s im ila r  to that of 4 -m e thy lpy rid ine  (6. 02 and 5. 97 respective ly) and so i f
2 -m e thy lpyrid ine  could act as a nucleophile the value of k^ would be ca. 8. 0
1 m o l ^ s ^ at 25. 0°, The value of k / k  , fo r  these bases is  the re fo re  ca. 3500,n gb
T h is  value w e ll exem plifies the prob lem  of detecting only the predom inant, to 
the exclusion of the subordinate, pathway in  the m a jo r ity  of reactions fo r ,  as in  
the case discussed here, when nucleophilic  cata lys is  can occur the general 
base-catalysed pathway is  in s ig n ifican t.
20 21P a rt of the w o rk  of Gold and h is  co -w orkers ’ , however, argues
against the sim ultaneous involvem ent of general base and nuc leophilic  ca ta lys is  
in  the reaction  ; nam ely that a lin e a r re la tionsh ip  was found between log  kOAc
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aand the pK of the displaced phenoxide, although the reaction  changes fro m  |
100% general base to 100% nucleoph ilic  ca ta lys is . I f  nuc leoph ilic  cata lys is  4I
occurs in  addition to the general base-catalysed reaction , then th is lin e a r ity
20 ’should be discontinuous. In  a p re lim in a ry  account o f th is  w o rk  , the analysis Iis  conducted in  te rm s of two in te rsec tin g  s tra igh t lines  and i t  is  thought that
46 '■such an analysis is  c o rre c t. I t  has, however, been noted that a m echanistic
change does not in va ria b ly  cause d iscontinu ity  in  lin e a r fre e  energy re la tionsh ips , 
and that the absence o f such a change should not be taken as constitu ting an |
in fa llib le  m echanistic probe.
The hyd ro lys is  of 4 -n itropheny l acetate and 2 ,4 -d in itropheny l acetate S■4
is  a lka line  so lution has also been examined (Table 14), at three d iffe r in g  I
tem pera tures. The two reactions have ve ry  s im ila r  values f o r / \  (11, 5 and S 
-112. 0 kcal m o l fo r  4 -n itropheny l acetate and 2 ,4 -d in itropheny l acetate
respective ly) at 25. 0^ and the reactions show a sm a ll va r ia tio n  in  A  8^ (11.5 
—1 —1
and 12.0 cal. m o l. K respective ly ). This d iffe rence in  entropy is  ve ry  s lig h t
and is  probably due, in  p a rt, to the ro le  played by desolvation of the nucleophile
47in  the determ ination o f the ra te  of reaction  . The a lka line  hyd ro lys is  of 
substituted phenyl acetates is  fu r th e r  studied in  Chapter 4, when these esters 
a re  used as substrates in  enzym atic hyd ro lys is .
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Table 14
H yd ro lys is  o f a ry l esters in  a lka line so lution
I  = 0.5 M
PNPA
-1 —1 k 1 m o l s
2 ,4  DNPA
T^C 
[KOH] M
0.050
0.10
0.20
0.30
0.40
0.50
0.050
0.15
0.25
r
[e s te r] ^ = ca. 10 ^ M 
-1k  (obs) 8
-----------------------------------A,..... ..............................
25.5
0.31
0.78
1.24
2.16
3.02
3.98
7.46
3.28 
9.15 
15.7
62.0
35.5
0. 86
3.22
6. 00 
7.94
14.1
117
45.0
2,90
5.59
8.25
27.0
6. 20 10. 6
17.5 32.4
29.5  53.2
212
a
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EXP EBIM EN TAL
a) Sources, p u rif ic a tio n  and prepara tion  of m a te ria ls
A l l  reagents used in  k ine tic  studies w ere of AnalaR grade.
Deuteriated w a te r, w ith  a stated content of 99.7% , was supplied by 
K och -L igh t Labo ra to ries .
P repa ra tion  o f n itrophenyl acetates^^*^^
The appropria te  n itrophenol (0 .1 m ol) in  carbon te trach lo ride  (25 m l) 
was s t ir re d  w ith  acetic anhydride (9. 5 m l, 0 .1  m ol) at room  tem perature fo r  
24 hours, using p y rid ine  (4 m l, 0. 05 m ol) as a ca ta lyst. A fte r  th is  period , 
inso lub le  m a te ria l, i f  present, was f ilte re d  o ff, the f i l t r a te  was added to ic e /w a te r 
(100 m l) and the m ix tu re  was shaken fo r  5 m inutes to hydro lyse the excess of 
acetic  anhydride. Any so lid  m a te ria l which separated was f ilte re d  o ff, 
ch lo ro fo rm  (50 m l) was added to the f i l t ra te ,  and the organ ic la y e r was 
separated. The aqueous la y e r was again extracted w ith  ch lo ro fo rm  (2 x  50 m l), 
then the combined organic la ye rs  were washed w ith  w a te r (100 m l) , d ried  
(CaSO^), and evaporated. The n itrophenyl acetates thus obtained w ere  re c ry ­
s ta llised  tw ice fro m  appropria te  solvents which, together w ith  physica l 
p rope rtie s  of the products, a re  shown in  Table 15.
—41—
TABLE 15.
PNPA 2 ,4-DNPA
P u rific a tio n  of pyrid ine  bases
The m ain  experim enta l d iff ic u lty  in  th is study was the p u rif ic a tio n  of 
the py rid ine  bases,for norm a l la bo ra to ry  samples are  often ve ry  im pure . The 
v a lid ity  of these experim ents re qu ire s  that, in  p a r t ic u la r , 2 -m e thy lpyrid ine  
contains no base unsubstituted at tlie  2 -pos ition  as an im p u rity . M id land- 
Y o rksh ire  T a r  D is t i l le rs  L td . a re  thanked fo r  samples of 2 - , 3 -, and 4 - 
m e thy lpyrid ine  which were analysed 99. 9 % pure w ith  respect to to ta l base 
content.
P y rid in e , 3 - , and 4 -m e thy lpy rid ine  w ere re fluxed over potassium 
hydroxide be fore  being c a re fu lly  fra c tio n a lly  d is tille d  through a long V ig reux
column. The method used to p u r ify  2 -m e thy lpyrid ine  was that of Brow n et al50.
m .p . C 39-40 71-72 ■f
l i t  mp 40-41^1
C ry s ta llis in g  Solvent CC l^ CCI /p e tro l (bp 60-80°) ■i
'X o b s “ “ 400 406 }
M ic ro  A na lys is C H N C H N 1fc
Calculated % 53.1 3 .9  7.7 42.48 2.65 12.39 ■{
Found % 53.2 3 .9  7 .9 42.21 2.74 12. 54 1'!■
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2 - m e thy lpyrid ine  (13 m l) was re fluxed  w ith  14% boron tr if lu o r id e  in  methanol 
(4 m l) , fo r  three hours. P u re  2 -m e thy lpyrid ine  was then d is tille d  o ff, leaving 
behind the c ry s ta llin e  addition product form ed by reaction  between the boron 
tr if lu o r id e  and the unsubstituted im p u r itie s , A  second trea tm ent, using the 
same method, was found to have no e ffect on the ca ta ly tic  e ffic iency of
2 -m e thy lpyrid ine  in  the hyd ro lys is  o f 2 ,4 -d in itropheny l acetate; i t  was assumed, 
there fo re , that the sample was su ffic ie n tly  pure ; had its  sm a ll ca ta ly tic  effect 
been due to o ther p y rid in e  bases, present as im p u ritie s , then there would not
Table 16
Physica l p rope rties  of p y rid ine  bases
b .p . b .p , l i t
P y rid in e  115 115.6
2 -M ethy lpyrid ine  129-130 129.4
3 -M e thy lpyrid ine  142-143.5 144.0
4 -M e thy lpyrid ine  144.5-146 145.0
have been a change i n / \ 8  and the k ine tic  isotope effect fo r  th is  reaction .
P hys ica l data fo r  the p y rid in e  bases is  given in  Tab le 16.
The buffered solutions w ere  prepared by ha lf neu tra lisa tion  o f the
py rid ine  base w ith  hyd roch lo ric  acid. The ion ic  strength was m aintained a t a I
Iconstant value o f 0. 50 M upon d ilu tio n , by addition of potassium  ch lo ride . |
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2. K ine tic  method
F o r the slow reactions, one drop o f a solution of the este r in  spectre - i f4
1scopic grade a ce to n itr ile  was added to the bu ffe r in  a cuvette in  the the rm o - I
statted c e ll ho lder of a Unicam  SP 500 spectrophotom eter. The increase in  ?
absorption a t 400 (4-n itrophenyl acetate) o r 406 nm (2 ,4 -d in itropheny l acetate) 
was m onitored using a Unicam  SP 505 program m e c o n tro lle r and an SP 22 
chart re co rd e r. F irs t-o rd e r  ra te  constants w ere  calculated by the method of 
Swimbourne (see Appendix 2) and the reaction  was f i r s t  o rd e r over a t least 
three h a lf- liv e s .
F or the fa s t reaction , a Canterbury stopped-flow spectrophotom eter 
was u tilis e d . A  so lution of este r in  w a te r (made 0. 001 M  in  hyd roch lo ric  
acid, to suppress hydro lys is ) was placed in  one re s e rv o ir ,  and the bu ffe r in  
the other. The change in  absorption a fte r m ix ing  was displayed on an Advance 
OS 3000 cathode ra y  oscilloscope and t liis  trace  was photographed using a 
P o laro id -Land cam era. The reac tion  was found to obey good f ir s t -o rd e r  
k ine tics .
The values of k(obs) given in  a ll the Tables are  the mean of two o r
“ 5three runs. The in it ia l es te r concentration in  a ll reactions is  ca. 10 M .
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C H A P T E R  T H R E E
M IC E LLE  EFFECTS IN  THE BASE-CATALYSED
HYDROLYSIS OF AR YL ACETATES
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1. INTRODUCTION
The ro le  of hydrogen bonding in  the reactions of m olecules o f b io log ica l 
o r ig in  has been extensively studied and r e p o r t e d I n  p a r t ic u la r ,  the reaction
mechanism of the enzymeÇX-chymotrypsin appears to invo lve substantia l 4
%-Iin tra m o le cu la r hydrogen bonding between am ino-acid  residues of serine and
h is tid in e ^^ ’ (see Chapter 4 fo r  a m ore  detailed d iscussion of 0 (-chym o tryps in
studies). The p rec ise  functions o f hydrogen bonding in  b io lo g ica l cata lys is  a re ,
however, complex and often hard to d iscern . The w o rk  in  th is  section o f the
thesis was undertaken in  an attem pt to c la r ify  the m echanisms of such reactions A:
by means of k ine tic  studies on a m odel of an enzym ic ca ta ly tic  s ite .
M onofunctional hydrogen bonds between sm a ll m olecules have l i t t le  o r
no s ta b ility  in  aqueous so lu tion, due to p re fe re n tia l association of the m olecules
54w ith  w a te r. I t  is  postulated that the ca ta ly tic  s ite  of the enzyme is  a 
hydrophobic reg ion, located w ith in  the s truc tu re  of the enzyme its e lf  ; in  such
I
an environm ent the tendency fo r  in tra m o le cu la r hydrogen bond fo rm ation , i
between ce rta in  base components o f the enzyme, would be increased.
In  an attem pt to s im ula te  a hydrophobic environm ent analogous to that
of an enzyme a model, consisting of a base , 2(2 -hyd roxye thy l)-pyrid ine  ^
capable o f in tra m o le cu la r hydrogen bonding and a m ice lle  system  containing
d is tin c t regions of hydrophobic and hyd roph ilic  characte r, was u tilise d . Using
th is system, the ca ta ly tic  hyd ro lys is  of a series of n itro -subs titu ted  phenyl
55acetates, frequen tly  used as substrates in  enzyme studies , was investigated.
As a background to th is  w o rk , i t  would seem to be pe rtinen t to outline
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the physica l and chem ical p rope rties  of m ice lle s , although i t  is  not proposed
to undertake an exhaustive rev iew  of m ice lle  w o rk , as such studies have already
,56, 57 appeared
M ice lle s  prov ide  a m uch-studied example of hydrophobic fo rces in  
aqueous so lution. The s tru c tu re  of m ice lle s  is  determ ined by the hydrophobic 
portions o f the constituent detergent m olecules which undergo aggregation in  
o rd e r to m in im ise  contact w ith  w a te r. The hyd roph ilic  po rtions , which may be 
charged o r uncharged, rem a in  at the surface in  contact w ith  the aqueous phase.
The re su ltin g  m ice lle  may be envisaged as roughly spherica l and consisting, 
on average, of between twenty and one hundred aggregated m olecu les. An ion ic 
detergents n o rm a lly  contain a long hydrocarbon chain te rm ina ting  in  a carboxylate, 
sulphate, o r sulphonate group w ith  potassium , sodium, lith iu m , o r  hydrogen 
as the sm a ll, p o s itive ly  charged counterion. Common cation ic surfactants are  
long hydrocarbon chain quaternary amines o r pyrid ines w ith  b rom ide , ch lo ride  
o r iodide counterions.
-4In  d ilu te  so lution (less than 10 M) m ice lles  exh ib it behaviour akin 
to that of strong e lec tro ly tes  but, in  m ore  concentrated so lutions, pronounced 
deviations fro m  idea l behaviour a re  observed. The concentration le ve l fo r  
departure fro m  ideal behaviour is  ca lled the c r it ic a l m ic e lle  concentration (cmc) 
and i t  occurs over a na rrow  concentration range, ra th e r than at a point. Below 
the cm c, the m ice lla tin g  agent exists m a in ly  as d im ers  and o ther sm a ll 
aggregates. The fo rm a tion  o f m ice lle s , which is  a dynam ic, ra th e r than s ta tic , 
equ ilib rium  of the species, breaks up the " f lic k e r in g  c lu s te r”  s truc tu re  of
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58w ater , re su ltin g  in  a la rg e  pos itive  entropy increase. The p r im a ry  reason
fo r  m ic e llis a tio n  is ,  however, the decrease in  the fre e  energy of the system ,
which re su lts  fro m  the p re fe re n tia l se lf-assoc ia tion  o f the hydrophobic
hydrocarbon chains o f the m onom eric detergent m olecules.
59A  c ross-sec tion  through a m ice lle  would revea l a c irc u la r  hydrocarbon 
core, fro m  one to three nanometers in  d iam eter, of hydrophobic characte r, 
surrounded by a re la tiv e ly  compact reg ion, known as the Stern la y e r, in  which 
the charged head groups and sm a ll counterions a re  located. M ost o f the 
counterions a re , however, located in  the adjacent Gouy-Chapman e le c tr ic a l 
double la ye r. The counterions contained in  th is la ye r a re  com plete ly 
d issociated fro m  the charged aggregate and a re  able to exchange w ith  the bu lk 
of the solvent beyond.
The ca ta ly tic  e ffect of m ice lle s  upon many types of reactions has been 
w e ll documented^^’ Such a ca ta ly tic  e ffect is  explained m a in ly  in  te rm s of 
two d r iv in g  fo rc e s ^^ ’ F irs t ly ,  a ttra c tive  e lec tros ta tic  in te rac tions  between 
charges on the m ic e lle  and oppositely charged reagents cause an increased 
concentration o f the reagents in  the im m ediate v ic in ity  of the m ice lle , as com­
pared w ith  the bu lk  phase. Secondly, ca ta lys is  also re su lts  fro m  e lec tros ta tic
s ta b iliz a tio n  of a charged tra n s itio n  state by the oppositely charged m ice lle
62surface. Such ca ta ly tic  a c tiv itie s  a re  thought to occur in  the Stern la y e r .
These assumptions account fo r  the observation that anions, which compete 
fo r  availab le b ind ing s ites in  the Stern la y e r, are  potent in h ib ito rs  of surfactant 
dependant reactions, and also fo r  the fac t that no m ice lle  ca ta lys is  is  observed
• r
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In  the hyd ro lys is  o f neu tra l reagents and esters^^. The observation^^ that the 
sa lt e ffect is  always la rg e r  upon the m ic e lle  ra te  constant than on the 
uncatalysed reac tion  can be ra tiona lised  by v iew ing the e lec tros ta tic  stab iliization 
of the tra n s itio n  state, w ith  respect to the ground state, as one of the p r im a ry  
d r iv in g  fo rces fo r  ca ta lys is , and that the la rge  sa lt e ffect is  a consequence of #
the weakening of th is  e lec tros ta tic  in te rac tion .
65 %I t  has recen tly  been suggested that another reason fo r  the occurrence 4
of m ic e lle  ca ta lys is  is  the apparent pK^ sh ift undergone by many nucleophiles,
under the action o f the surface m ic e lle  charge. Such a p K ^  s h ift could, i f
favourab le , re s u lt in  a la rg e  ca ta ly tic  effect.
-4 9 -
2. RESULTS AND DISCUSSION
As p a rt of the investiga tion  of the ro le  o f 2 (2 -hyd roxye thy l)-pyrid ine
in  es te r hyd ro lys is  in  the presence of m ice lle s , a b r ie f  investiga tion  in to  the
m ice llu la r-ph ase  behaviour o f two s im ila r  pyrid ine  bases was undertaken. The
bases chosen fo r  th is  study w ere 4 -am inopyrid ine  and 2-hydroxypyrid ine , I t
has been reported^^ that 2 -hydroxyprid ine  exists predom inantly  as 2-pyridone,
w h ils t the 4 -am inopyrid ine , although po ten tia lly  tau tom eric , exists ch ie fly  in
the amino fo rm . There  ex is ts , the re fo re , the p o s s ib ility  of concerted general
67acid-base ca ta lys is  by these bases, as proposed by Swain (Scheme 7). The 
substituent a t the 2 -pos ition  of a pyrid ine  base ensures, as has a lready been
(Scheme 7)
shown (Chapter 2), that nucleophilic  cata lys is  due to the n itrogen is  s te r ic a lly
hindered, a lth o u ^ i i t  is  possib le  that the effect of tau tom eric  cata lys is  would
overcome the s te ric  h indrance. However, in  the typ ica lly  low  d ie le c tr ic
68constant environm ent o f a m ic e lle  the hydroxy and am ino fo rm s  should 
predom inate.
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I
The cation ic m ic e lle  ce ty ltrim e thy lam m on ium  brom ide  (CTAB) was
used in  the investiga tion  o f ca ta lys is  in  the h yd ro ly tic  reac tion  of 4 -n itropheny l
■iacetate (PNPA) w ith  4 -am inopyrid ine , and in  the reaction  of 2 ,4 -d in itropheny l H
acetate (2,4-DNPA) w ith  2 -hydroxypyrid ine  (Tables 17 and 18). The reactions 
w ere  fo llowed by spectropho tom etrica lly  m on ito ring  the re lease of 4 -n itropheno l |
o r  2 ,4 -d in itropheno l and w ere found to exh ib it f ir s t -o rd e r  k ine tics . A  sm a ll ti
increase in  the ra te  constant was observed at a concentration o f detergent
-3  ^which corresponds to the measured value of the cmc of CTAB (1.0 x  10 M , 
see experim enta l section). T h is  effect is  probably caused by concentration of 
the reactants w ith in  the m ic e lle ^^ , as compared to the bu lk  phase, and i t  is  not 
possib le  to ascribe  such an effect to tautom eric ca ta lys is , o r  to the operation 
of any o ther m echanism. On the basis o f the evidence presented such bases 
in  a m ice lle  system have l i t t le  ca ta ly tic  e fficacy.
The reaction  between 2(2 -hyd roxye thy l)-pyrid ine  and 2 ,4-D N P A
exhib its a lin e a r dependence between the observed f ir s t - o rd e r  ra te  constant
-4  -1and the concentration o f base (Table 19), g iv ing  a value of 6.25 x  10 1 m ol 
s ^ fo r  k|^. The k ine tics  of the reaction  between 2(2 -hyd roxye thy l)-pyrid ine  |
and 2 ,4-D N P A in  the cation ic detergent CTAB, and in  the anionic detergent 
sodium la u ry l sulphate (Na LS) show l i t t le  evidence fo r  ca ta ly tic  action (Table 
20 and 21). I t  is ,  however, noteworthy that whereas CTAB causes a s ligh t 
increase in  the f ir s t - o rd e r  ra te  constant in  the reg ion of the cm c, due to 
concentration o f reactants in  the m ic e lle  phase, the anionic detergent NaLS 
causes a s lig h t decrease. Th is  e ffect, as has been observed p r e v i o u s l y i s
I
.........
— s i r  
T A B LE  17
E ffec t of CTAB concentration on the ra te  of
pH = 9.15 bu ffe r ra tio  = ca. 1
pK of base = 9.11 ^ a [4 -am inopyrid ine ] 0 .45 M
I  = 0 .5  M [P N P A ] ^ = ca. 10“ ^ M .
10^ [C TA B] M . 0 5 10 15 50 100
10 k(obs) s "^  5.54 5.51 5.61 5.60 5.66 5.65
TA B LE  18
E ffect of CTAB concentration on the ra te  of hyd ro lys is
of 2 ,4 -D N P A  in  a 2-hydroxypyrid ine  bu ffe r at 25.1^
pH = 11. 62 b u ffe r ra tio  = ca. 1
pK^ of base = 11. 65 [2 -h yd ro xyp y rid in e ] 0.42 M
I  = 0 . 5 M      1 . -5[2 ,4 -D N P A  ] ^  = ca. 10 M
10^ [c T A b ]  m o  5 10 15 50 100
2 -110 k(obs) s 3. 85 3.81 3. 86 3.92 3. 87 3.94
Æ
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T A B LE  19
E ffec t of bu ffe r concentration on the ra te  of hyd ro lys is  
o f 2 ,4 -D N P A  in  a 2 (2 -hyd roxye thy l)-pyrid ine  bu ffe r
at 44. 6°
pH = 6.13 bu ffe r ra tio  = ca. 5
pK of base = 5.31 [base l _ =0 .7 1 0a •* J free
1 = 0 . 5 M    1 . - 5
[base M  0.710 0.568 0,426 0.284
4 -110 k (obs) s 5.65 4.65 3.90 2. 90
—4 . 1 —1
=  6 .  2 5  X  1 0asek^  * 1 mol  s
[2 ,4 -D N P A ] = c a .  10“  M  |
€
  ^ : ■ ■ " ' - : - ' -  ‘
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TABLES 20-21
Effect of CTAB (20) and NaLS (21) concentration 
on the ra te  of h yd ro lys is  of 2 ,4 -D N P A  in  a 
2 (2 -hyd roxye thy l)-pyrid ine  bu ffe r at 44. 6°
1 = 0. 5 M  [2 ,4 -D N P A ] ^ = ca. l o “ ^ M
bu ffe r ra tio  = ca. 5
TA B LE  20
10 [C T A B ] m o  1 2 5 10 15 20 50 75 100
4 -110 k(obs) s 5.65 5.67 5.64 5.68 5.85 6.02 6.01 6.05 6.09 6. 13
T A B LE  21
[b ase ]^^^^  = 0.681 M
10^ [N a L S ] M 0 5 10 15 25 50 100
4 -110 k(obs) s 5.50 5.53 5.45 5.20 4.80 4.45 4.75
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a re s u lt of a decrease in  the concentration of negatively charged nucleoph ilic  
reagents in  the anionic m ic e lle  phase caused by e lec tros ta tic  repu ls ions, and 
a decreased capacity fo r  s o lu b ilis a tio n  w ith in  that phase.
The absence of ca ta ly tic  a c tiv ity  in  th is  m ic e llu la r  environm ent was 
a disappointment as i t  was fe lt  that the conform ation o f the 2 (2-hydro%yethyl)- 
py rid ine  was such that hydrogen-bonding, in  a hydrophobic m edium , would lead 
to the establishm ent of an unstra ined s ix-m em bered r in g  system fro m  the 
s ide-cha in , and hence to the ca ta ly tic  mechanism , as depicted in  Scheme 8.
On the basis of past observa tions^^ ' which demonstrated that the ra tes  of
N  
H
-c = o HC—C=0
OPh +■ OPh
(Scheme 8)
hyd ro lys is  o f PNPA and 2 ,4-D N P A  are  re la tiv e ly  insens itive  to surfactant 
concentration, i t  is  arguable that only a sm a ll increase in  the respective  ra tes 
would be observed in  the event of the proposed mechanism (Scheme 8) operating.
I t  was antic ipated, however, that any ca ta ly tic  changes would be of such 
magnitude as to be eas ily  d iscernable  fro m  the increases caused by the m ic e llu la r  
concentration o f reactants.
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To m eet such objections the se ries  of reactions invo lv ing
2(2 -hyd roxye thy l)-pyrid ine  and CTAB w ere  repeated using a d iffe re n t substrate ,
4-n itropheny l hexanoate (PNP He), whose h yd ro ly tic  reactions are subject to
m arked ca ta lys is  by m ice lle s^  (Table 22). The d iffe rence in  the
suscep tib ility  • o f these two substrates, PNPA and PNP He, to m ice lle  cata lys is  
62is  suggested to be due to a la rg e  d iffe rence in  the fre e  energy of tra n s fe r
fro m  the aqueous to the m ic e lle  phase, in  favour of PNPHe. I t  has also been
observed that the f i r s t  o rd e r hyd ro ly tic  ra te  constant increases m ore ra p id ly
62than the increase in  the CTAB concentration and i t  is  suggested that th is  
phenomena is  due to induced m ic e llis a tio n  of the CTAB by the PNPHe. How­
ever, fro m  the negative evidence in  Tab le 20 i t  m ust be concluded that there 
is  no evidence fo r  the p rem ise  that a m ice lle  environm ent induces hydrogen- 
bonding in  the m olecu le 2 (2 -hydroxye thy l)-pyrid ine .
Solution in fra - re d  spectra o f a sample of 2 (2-hydro% yethyl)-pyrid ine
in  a solvent which prom otes hydrogen-bonding, carbon te trach lo ride , revealed 
-1a peak at 3450 cm , which was not affected by fu rth e r d ilu tio n  of the base by
69carbon te trach lo ride . The pos ition  of th is  peak and its  behaviour upon 
d ilu tio n  are  typ ica l of absorption caused by in tra m o le cu la r hydrogen bonds. 
When 2 ,4-D N P A  was added to the so lution of 2 (2 -hyd roxye thy l)-pyrid ine  in  
carbon te trach lo ride  no spectra l change was observed in  the u ltra -v io le t  spectra l 
reg ion. However, the use of a m ore  active  substrate, 2,4,  6 - trin itro phen y  1 
acetate (2,4, 6-TN PA), resu lted  in  the slow appearance of peaks at 345 and 
400 nm , which w ere  shown to correspond w ith  re lease of the paren t phenol, w ith
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TA B LE  22
E ffec t of CTAB concentration on the ra te  of hyd ro lys is  
of PNPHe in  a 2 (2 -hyd roxye thy l)-pyrid ine  b u ffe r a t 44. 6^
pH = 6.13 bu ffe r ra tio  = ca. 5
pK of base = 5.31 fbase] „ =0 .710a L j
1 = 0. 5 M  [2 ,4 -D N P A ]^=  ca. 10“ ^ M
10^ [CTAB] M  0 1 5 15 25 50 100
4 -110 k(obs) s 1.93 2.15 2.44 2.75 2.83 2.92 3.13
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-3 -1a f ir s t -o rd e r  ra te  constant o f 6.33 x  10 s . M on ito ring  the absorbance in  
the in fra - re d  reg ion, due to in tra m o le cu la r hydrogen-bonding, revealed a 
corresponding increase in  the transm ittance of th is  peak during  the course of 
the reaction , although experim enta l d iff ic u ltie s  prevented any k ine tic  data being 
obtained. No spectra l changes occured when 2 , 4 , 6-TNPA was added to carbon 
te tra ch lo rid e  as a b lank reaction . S im ila r ly , two s tru c tu ra l analogues of 
2 (2 -hyd roxye thy l)-pyrid ine , nam ely 2 ,6 -lu tid ine  and 2-phenylethanol, produced 
no spectra l changes in  two s im ila r  separate experim ents. The two analogous 
compounds w ere  then used, in  equ im olar concentrations, in  the same k ine tic  
run , because absorption due to tr in itro phen o l m ight have resu lted  fro m  
nucleophilic  attack of the hydroxy compound, fo llowed by pro ton tra n s fe r to the 
n itrogen  of a d iffe re n t m olecu le to give an ion p a ir . However, no change in  the 
spectrum  was observed. P roduct iden tifica tio n  using N. M . R. showed that 
reaction  between 2 ,4 ,  6-TN PA and 2 (2 -hyd roxye thy l)-pyrid ine  in  carbon 
te trach lo ride  gave O -ace ty l-2 (2 -hyd roxye thy l)-pyrid ine .
In  considering the possib le  mechanism of the reac tion  between 2 ,4 ,6 -  
TNPA and 2(2 -hyd roxye thy l)-pyrid ine  in  carbon te tra ch lo rid e  i t  should be noted 
that a substituent in  the 2 -pos ition  of the p y rid in e  d im in ishes the a b ility  of the 
n itrogen to pa rtic ip a te  in  nucleoph ilic  ca ta lys is , as w itnessed by the absence of 
spectra l change in  the reaction  between 2 , 4 , 6-TNPA and 2, 6 -lu tid ine  in  carbon 
te trach lo ride  (see also Chapter 2). I t  would seem, the re fo re , that the tendency 
fo r  the fo rm a tion  of hydrogen bonds increases on transference of the reaction  
fro m  aqueous m ic e lle  systems to non-po la r solvents. The experim enta l
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evidence, in  p a r t ic u la r  the product ana lys is, can best be accounted fo r  in  te rm s
o f the mechanism in  Scheme 8.
In  v iew  of th is  conclusion i t  m ust be questioned whether the
2 (2 -hyd roxye thy l)-pyrid ine  was adsorbed, under the reac tion  conditions used,
in to  the hydrophobic regions o f the m ic e lle  system su ffic ie n tly  fo r  the prom otion
of hydrogen bond fo rm a tio n  in  the base. Such a prob lem , concerning the
loca tion  o f the base in  the m ic e lle  s tru c tu re , could probably be resolved by the
70use of N. M . R. techniques .
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3. EXPERIM ENTAL
a) Sources, p u rif ic a tio n , and p repara tion  o f m a te ria ls
A l l  m a te ria ls  used in  k ine tic  studies w ere AnalaR grade.
The m ice lle s  used in  the present study, CTAB and NaLS, were p u r if ie d
50by the method of Duynstee and Grunwald .
Sodium la u ry l sulphate (25 g) fro m  K och -L igh t Labo ra to ries  was 
dissolved in  95% ethanol (350 m l) and heated. A fte r  f i l t r a t io n  and cooling, white  
blades were obtained. Th is  procedure was repeated tw ice ; the fin a l product 
was dried  in  a vacuum desiccator.
C e ty ltrim ethy lam m on ium  b rom ide  (K ock-L igh t Labora to ries) was 
shaken w ith  anhydrous e ther, f i lte re d , and dissolved in  the m in im um  amount of 
hot methanol. Cooling produced a c ry s ta llin e  mass which was then f ilte re d .
The re su ltin g  c rys ta ls  w ere then red isso lved in  methanol, anhydrous ether was 
added, and the so lu tion gently warm ed to d issolve the C TAB. The white
c ry s ta llin e  product obtained upon cooling th is  so lution had a m e lting  po in t o f J
' ^227-235° ( l i t  , 227-235°). |
j
P u r if ic a tio n  of the py rid ine  bases was achieved by the fo llow ing  methods.
(i) Lab o ra to ry  grade 2(2 -hyd roxye thy l)-pyrid ine  (Koch-L igh t |ILabora to ries) was p u rif ie d  by ca re fu l fra c tio n a l d is tilla tio n  (b.p. 118°, 15 m m  |
IHg). I
(ii)  A  K och -L igh t Lab o ra to ries  pure sample of 2 -hydroxypyrid ine  :%I
was s t ir re d  and heated w ith  sodium hydroxide fo r  two hours, and then ca re fu lly  4
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fra c tio n a lly  re d is t il le d  (181-184°, 24 m m  Hg), The re su ltin g  so lid  had a m e lting  
po in t of 104-105° ( lit .  = 105-107°)^®.
( iii)  A  K o ch -L igh t Labo ra to ries  pure sample of 4 -am inopyrid ine  was 
fu rth e r  p u rifie d  by re c ry s ta llis a tio n  fro m  ethanol ; m . p. 162-163° ( lit .
161-162°).
The p repara tion  of 4 -n itropheny l acetate, 2 ,4 -d in itropheny l acetate, 
and 2 ,4 ,6 - trin itro p h e n y l acetate was achieved by the method cited in  the 
experim enta l section o f Chapter 2.
62The method of Romsted and Cordes was u tilis e d  in  the prepara tion  
o f 4 -n itropheny l hexanoate. Hexanoic acid (6.4 g) in  benzene (50 m l) was added 
dropw ise to a re flu x in g  so lu tion prepared by m ix ing  4-n itropheno l (6. 95 g) in  
te trahydro fu ran  (75 m l) and d icyc lohexy lcarbod iim ide (12. 5 g) in  benzene (50 m l). 
The reaction  m ix tu re  was re fluxed fo r  24 hours, f i lte re d , then washed s ix  tim es 
w ith  5% sodium bicarbonate so lution, once w ith  0 .1  M hyd roch lo ric  acid, and 
once w ith  w a te r fo llowed by d ry ing  over ca lc ium  sulphate. The solvent was 
then removed and the reaction  product was placed on a colum n containing s il ic a  
gel (400 g), and eluted w ith  hexane containing increas ing  quantities of ether.
The product was eluted when the ether content reached 10% by volum e. The 
residue, obtained by rem ova l of the solvent, was ca re fu lly  fra c tio n a lly  d is tille d  
under reduced p ressu re  to y ie ld  4 -n itropheny l hexanoate (b.p. 146-148°,
2 mm  Hg ; y ie ld  = 38% (5.45 g ) ).
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D eterm ina tion  o f surfactan t c r it ic a l m ice lle  
concentration (cmc. ) values
67A  method has been developed fo r  the de term ination of surfactan t
cm c. values using the spectroscopic sh ifts  observed in  the spectrum  of
N ,N  -d ie th y la n ilin e . Upon the fo rm a tion  of m ice lle s , the organic compound is
re a d ily  absorbed in to  the hydrophobic in te r io r .  As a re s u lt, the spectrum  of
the compound shows a d is tin c t s h ift in  its  absorption m axim a at the cmc ; the
s h ift in  N ,N  -d ie th y la n ilin e  corresponds to a change fro m  aqueous solution to
an environm ent which is  ve ry  s im ila r  to that of n-octane (values fo r
N, N -d ie th y lan iline  are  ; -  * \  fo r  H „0  = 253 nm , fo r  n-octane =m ax 2 max
261 nm). The solutions used in  th is  determ ination w ere those prepared fo r  the
k ine tic  w o rk  and w ere  therm ostated at the appropria te tem peratures before  use.
The experim enta l conditions w ere  thus analogous to those in  the k ine tic  runs.
The N ,N  -d ie th y la n ilin e  was of spectra l grade and was fre s h ly  d is tille d  before
use^because prolonged exposure to a ir  resu lts  in  oxidation.
N ,N  -d ie th y la n ilin e  (0. 002 m l in  6 m l of surfactan t solution) was added
to the experim enta l solutions w h ich w ere  then thermos tatted at the appropria te
tem pera ture  using a Unicam  SP 875 therm o statted heating b lock in  the ce ll
com partm ent of a Unicam  SP 800 spectrophotom eter. The spectrum  of the
so lution was then run , and the pos ition  of the m axim um  absorp tion was noted.
The "X value increases sharp ly at the cmc and the fo llow ing  cmc values, max
62which are in  good agreement w ith  those determ ined by o ther methods , w ere
—4 —3determ ined ; cmc fo r  NaLS = 8. 0 x  10 M ; cmc fo r  CTAB = 1. 0 x  10 M . i
1
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A l l  values at 44°.
The ra te  constants observed fo r  m ice lle  ca ta lys is  a re  quite s trong ly  
Effected by changes in  the background io n ic  strength, especia lly  fo r  ca tion ic  4
m ice lle s , where such changes m igh t invo lve  a change in  the concentration o f 
counterions (e. g. the k ine tics  o f a CTAB catalysed hyd ro lys is  are  affected by 
the background concentration o f b rom ide  ion). To overcom e such e ffects, the 
to ta l concentration of b rom ide  ion in  the experim enta l solutions invo lv ing  CTAB 
was m aintained at 0. 03 M by add ition o f sodium brom ide , and the to ta l con- |
centra tion  of sulphate in  NaLS solutions was m aintained at 0. 03 M  by use o f 
sodium sulphate. The ion ic  strength of the solutions was m aintained at an 
o ve ra ll value of 0. 5 M  by addition of sodium ch lo ride . Th is  sa lt is  used instead 
of potassium  ch lo ride  because the la tte r  causes p re c ip ita tio n  o f NaLS. The 
p y rid in e  base present in  the experim enta l solutions acted as a b u ffe r, and pH 
values were determ ined by use of a Beckman Research pH m e te r equipped w ith  
a general purpose and a ca lom el re fe rence electrode.
N. M. R. id e n tifica tio n  o f the product of the reac tion  
between 2 (2 -hyd roxye thy l)-pyrid ine  and 2,4,  6-TNPA
E qu im o la r quantities (0. 02 m ol) o f 2,4,  6-TN P A and 2 (2-hydroxyethyl)-  
p y rid in e  w ere re fluxed  in  carbon te trach lo ride  (25 m l) fo r  24 hours under an 
atmosphere of n itrogen. The so lu tion was then f ilte re d  to rem ove 2 ,4 ,6 -  
tr in itro p h e n o l, and was then washed once w ith  cold d ilu te  sodium bicarbonate |
so lution and three tim es w ith  ic e /w a te r (3 x  50 m l) ; the so lution was then dried  
over anhydrous ca lc ium  sulphate. The carbon te trach lo ride  was then removed
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under reduced p ressu re , and the re su ltin g  viscous liq u id  was iden tified  as 
O -ace ty l-2  (2 -hyd roxye thy l)-pyrid ine  by N. M. R. studies. The machine used 
in  these studies was a V a ria n  HA-100 spectrom eter. The spectrum  of the 
O -ace ty l-2  (2-hydroxy e th y l)-p y rid in e  in  carbon te trach lo ride  c le a rly  shows, by 
com parison w ith  the spectrum  of the parent p y rid ine , the disappearance of the 
peak due to the pro ton of -0 -H (a t 5 .25(f), and the appearance o f a CH^- peak 
(at 2.04(f).
(b) K ine tic  method
F o r the slow reactions, one drop of a so lution o f the este r in  
a ce to n itr ile  was added to a cuvette, containing the experim enta l so lution, in  the 
therm ostatted c e ll ho lder o f a Unicam  SP 500 spectrophotom eter. The increase 
in  absorption at 400 (PNPA and PNPHe) o r 406 nm (2,4-ONPA) was m onitored. 
F irs t-o rd e r  ra te  constants w ere  calculated by the method of Swinbourne 
(Appendix 2) and the reactions w ere  f ir s t - o rd e r  over at le as t three h a lf- liv e s .
The reactions of 2 -hyd roxypyrid ine  and 4 -am inopyrid ine  w ere m onitored 
using a C anterbury stopped-flow  spectrophotom êter, and the procedure is  
iden tica l to that given in  the experim enta l section of Chapter 2.
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C H A P T E R  F O U R
THECX -CHYMOTRYPSIN CATALYSED HYDROLYSIS 
OF SOME SUBSTITUTED AR YL ACETATES
1
-65-
1. INTRODUCTION
The p ro te o ly tic  enzyme, CK-chym otrypsin ( 0< -c t)  occurs in  the 
pancreatic ju ice  of m am m als as an inactive  p re cu rso r . chym otrypsin  A , which 
is  converted in to  the active enzyme in  the duodenum. The active  enzyme, whose 
b io log ica l function is  a lm ost ce rta in ly  p ro te in  degradation in  d igestion, has a 
specific  three-d im ensiona l s tru c tu re  which is  essentia l fo r  ca ta ly tic  a c tiv ity  
and which consists of three polypeptide chains linked by two disulphide bridges. 
The m o lecu la r weight of 0 < -c t is  24, 800, and the enzyme contains 241 amino 
acid residues.
Many k ine tic  and m echan istic studies have been perfo rm ed on CX-ct, 
the aim  being to a r r iv e  at an understanding of the detailed m o lecu la r mechanism . 
In  o rd e r to achieve th is  ob jective the amino acid residues which are  essentia l 
fo r  ca ta lys is , and the ro le  w h ich each o f these groups p lay in  the ca ta ly tic  
process, m ust be understood. However, despite the p ro li f ic  w o rk  of chem ists 
and b iochem is ts , which has led to the id en tifica tio n  of the amino acid residues 
involved in  ca ta lys is , the mechanism of the p ro te o ly tic  process has, as of yet, 
not been unambiguously defined. Several m echanism s, w h ich are  reviewed 
b r ie f ly  below, have been proposed and i t  is  noteworthy that a ll of these schemes 
appear to be supported by good experim enta l evidence. In  v iew  of the d isp a ritie s  
between the proposed mechanisms i t  was fe lt  that i t  m igh t prove fruifcful to 
examine the effect of changes in  the s te ric  and e lec tron ic  s tru c tu re  o f the sub­
s tra te  upon the ra te  o f the enzyme catalysed reaction . In  m ore  de ta il, th is  
section repo rts  the re su lts  o f a study o f the CX-ct catalysed hyd ro lys is  of a wide
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range of substituted phenyl acetates. Because of the d iffe re n t re a c tiv it ie s
encountered across th is se ries , these studies have involved the use both of
conventional and of stopped flo w  techniques.
The three-d im ensiona l s tru c tu re  of the enzyme has been determ ined,
by x - ra y  c rys ta llog raphy, by B low  and c o - w o r k e r s a n d  the sequences of
71amino acids and th e ir  spatia l re la tionsh ips are thus w e ll known. Studies of the
pH effect upon the ca ta ly tic  coeffic ien ts w ith  a w ide range of substrates have
revealed the involvem ent of a h is tid in e  residue. This behaviour is  shown by
both amide and este r substrates. Photooxidation, in h ib ition  techniques, and
72X - ra y  data have indicated that the residue involved is  h is t id in e -57. The same 
studies have also shown the involvem ent of serine-195, and model compounds
in co rp o ra ting  serine  and h is tid in e  have shown signs of ch a ra c te ris tic  enzym atic
73 53a c tiv ity  . The X - ra y  studies have also demonstrated the existence of
hydrogen bonding between aspa rtic  acid-102 and the N -te rm in a l residue of
iso leucine-16, and i t  is  suggested that th is ion p a ir  re la tio n  m ainta ins the
conform ation of the active  s ite . I t  is  im portan t to re a lise  that residues w ide ly
separated in  the am ino-acid  sequence m ay be quite c lose ly  located w ith in  the
three-d im ensiona l spatia l s tru c tu re  of the enzyme (as in  the foregoing example).
The m a jo r ity  of groups which are not d ire c t ly  involved in  ca ta ly tic  action p e rfo rm
the ro le  of shaping the hydrophobic cav ity  w ith in  which ca ta lys is  takes place.
The nature o f th is  active  s ite  also gives the enzyme its  ch a ra c te ris tic  substrate
spe c ific ity .
74W hitaker and Jandorf treated CX-c t  w ith  d in itro fluorobenzene at 
pH 10. 7 (conditions under which only the im idazo le  groups o f h is tid in e  residues 
reac t w ith  the reagent) and showed that reaction  of one h is tid ine  residue
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pe r m olecule could cause com plete loss o f ca ta ly tic  a c tiv ity . S im ila r ly ,
75Schramm showed that the inac tiva tion  of chym otrypsin  by l,4 -d ib ro m o -2 -  
phenylacetoin was caused by the reaction  of th is  reagent w ith  h is tid ine . The 
evidence is , the re fo re , that each m olecu le of enzyme contains only one specific  
ca ta ly tic  s ite .
76S im ila r ly , in h ib itio n  o f the enzyme is  achieved by reaction  w ith  
d ia lkylfluorophosphates, which se lec tive ly  react w ith  the hydroxym ethyl group 
of a serine residue. A na lys is  of the product showed one d ia lky lphosphory l 
residue pe r m olecule in  the inactive  product. F urthe rm o re , i f  4 -n itropheny l 
acetate (PNPA) reacts w ith  CX-ct under acid conditions, an in te rm ed ia te  m ay 
be iso lated in  which the acetyl group is  covalently bound to the enzyme. O ther 
acy l-chym otryps ins , prepared in  a s im ila r  way, may be iso la ted  and in  each
77case there appears to be an ester l in k  between serine-195 and the acy l-res idue  , 
The residues involved in  ca ta lys is , and the physica l s truc tu re  of 0<-ct  
are  thus w e ll known and understood ; the ro les  of these residues are, u n fo rt­
unately, less w e ll understood. As is  the case w ith  other enzymes, the active 
reg ion  of Q (-ct constitutes a p e cu lia r environm ent in  which the reactions of the 
substrates m ay take place. F ro m  sp e c ific ity  considerations alone i t  may be 
supposed that a hydrophobic o r non-po la r reg ion is  present -  a reg ion which is
com parable to that which is  found in  the in te r io r  of m ice lle s . Indeed, w o rke rs
78have compared m ice lle s  containing hydroxy-groups (as a model of serine
79proteinases) and m ice lle s  containing im idazo le  (as a m odel of a h is tid ine
78residue) to the ca ta ly tic  action of enzymes. Some studies have duplicated 
the three-stage k ine tics , inc lud ing  the rap id  b u rs t stage, typ ica l o f enzyme
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reactions. The ca ta lys is  of phenyl es te r cleavage by cycloam yloses has also 
80been shown to prov ide  a rem arkab le  model fo r  enzym atic spec ific ity . Th is
s p e c ific ity  enables the enzyme to fo rm  a "hydrophobic l in k "  w ith  the arom atic
r in g  of the specific  substrates. The m ost im portan t consequence of the pecu lia r
nature of the active s ite  environm ent is , however, that the re a c tiv ity  of ce rta in
groups is  g rea tly  enhanced. The hyd ro lys is  of ace ty l-chym otryps in  to y ie ld
acetic acid and fre e  enzyme proceeds, fo r  example, m uch m ore  re a d ily  than
would be expected fo r  an o rd in a ry  O -ace ty l de riva tive . The reactions of the
acetyl-enzym e proceed no fa s te r than would be expected, however, in  a m edium
81in  which the p ro te in  is  denatured and the active s ite  destroyed (e .g .  8 M  urea), 
The m in im a l m echanism fo r  the enzyme m ust, however, invo lve the 
steps shown in  Scheme 9. The f i r s t  stage consists of the fo rm a tio n  of the
k) kp / kgE + A EA —4 ^  EA — ^  E + Y
k_, \
X
(Scheme 9)
M ichae lis-M enton  complex (EA). The next stage involves the acyla tion of 
serine-195, and the f i r s t  product X  (which is  a phenol i f  the substrate used is  
phenyl acetate) is  re leased. The f in a l process is  the déacylation reaction  
consisting of reaction  of the acyl-enzym e w ith  some nucleoph ilic  species, 
usua lly  w a te r, g iv ing  the second product (acetic acid in  the case of phenyl 
acetate). Such a scheme is  used, w ith  s im p lify in g  assumptions, as the basis
-6 9 -
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fo r  the M ichae lis-M enton trea tm ent of a s ingle-sub s tra te  enzymer-catalysed î
82reac tion  . T h is  k ine tic  approach, which has been of great value in  the
e lucidation of general enzyme m echanism s, has been extended in  scope by many 
83w o rke rs  . The k ine tic  resu lts  obtained in  th is study w ere  analysed using the
approach of Gutfreund (Appendix 3), whose treatm ent a llows the separation o f K
the various k ine tic  param eters.
Evidence in  favour of the proposed m in im a l mechanism  (Scheme 9) has
been observed by Bender and h is  c o - w o r k e r s H a r t l e y  and co -w o rke rs^^
observed that the lib e ra tio n  of 4 -n itropheno l during  the CX-ct catalysed hyd ro lys is
of PNPA proceeds w ith  an in it ia l fas t  b u rs t, which is  then fo llowed by a steady-
state re lease of the phenol (see F igu re  8 ). The observation of th is b u rs t
necessitates the use of stopped-flow  spectrophotom etry (although ce rta in  sub- ^
86stra tes have p re -s teady-s ta te  periods w hich la s t severa l m inutes ). The 
k ine tic  pa tte rn  of th is  reaction  is  intei^preted as being due to the rap id  fo rm a ­
tion  of the acyl-enzym e in te rm ed ia te  (EA’), which corresponds to complete 
acyla tion of the enzyme w ith  consequent lib e ra tio n  of 4 -n itropheno l ; fu rth e r
fo rm a tion  of the phenol is  then con tro lled  by the re la tiv e ly  slow hyd ro lys is  of
87 88the acyl-enzym e to y ie ld  f ree  enzyme. Spectral and pH studies have shown 
that the acyl-enzym e in te rm ed ia te  is  a d is tin c t in te rm ed ia te , as opposed to a 
M ichae lis-M enton com plex. Steady-state s t u d i e s h a v e  shown that m ost 
es te r substrates which react  w ith  CX-ct do so w ith  the same steady-state 
ra te -constan t -  an observation which indicates that these substrates react  v ia  
a common in te rm ed ia te .
   • '     ■*  :   1 ,
-7 0 -
(F igu re  8 ; lib e ra tio n  of 4-n îtrophenol du ring  the 
CX-ct catalysed hyd ro lys is  of PNPA at 25« 3^)
lO  . [4-nitrophenol ] M
Ln
cn
Ln
roLn
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V arious  approaches, such as studies of substrate b ind ing^^, t it ra t io n
experim ents, and spectra l changes have shown that observed ca ta ly tic
param eters are dependent upon an ac id ic  group of pK^ 8. 5 and a basic group
of pK^ 6, 8 (although care  and specia l procedures are  needed when co rre la tin g
the observed pK^ o f the enzym ic residues w ith  known pK^ values ; as w ith
s im ila r  hydrophobic regions w ith in  m ice lle s , la rge  sh ifts  a re  often observed in  
78pK^ values ). The ac id ic  group is  thought to correspond to iso le u c in e -16,
w hich is  probably involved in  hydrogen bond fo rm a tion  w ith  the carboxylate
group of aspartic  a c id -194. The loss o f a c tiv ity  at h igh pH is  thought to be due
92to dénaturation of these bonds, although i t  has also been suggested that the 
loss of CX-ct a c tiv ity  is  governed by another CX-amino group, a lan ine -149. 
E ith e r of these in te rac tions would, however, hold the enzyme in  its  active 
conform ation ; dénaturation re su lts  when the am ino-group of iso le u c in e -16 
is  deprotonated, and the conform ation changes to one in  which the substrate 
can no longer be bound.
The group of pK^ 6. 8 has, u n til recen tly , been id en tified  as that of 
the im idazo le  group o f h is tid in e -57, which was thought to activa te  the se rine  
hydroxy l group through general-base cata lys is  (Scheme 10). There  is , how­
ever, some question as to whether h is tid in e -57 acts as a general-base o r  as a
nucleophilic  ca ta lyst in  th is reaction . The experim enta l evidence is  as fo llow s ;
931) The values observed fo r  the ra tio  k(H 0 )/k (D  O) are  in  the reg ion of two
to three, which s ign ify  that pro ton tra n s fe r is  involved in  the ra te  de term in ing
30step. 2) Substituent effects in  va rious substrates ind ica te  the existence of a
-72-
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(Scheme 10)
te trahedra l in te rm ed ia te , and evidence shows that the fo rm a tion  of th is  in te r -
94m ediate is  ra te -de te rm in ing  . 3) Substituent effects in  a rom atic  substrates
give good co rre la tio n  w ith  pos itive  Ham m ett constants^ ind ica ting  the involvem ent
55of an e lec tron -de fic ien t centre during  ca ta lys is  .
The evidence above seems to s trong ly  ind ica te the operation of general
95base ca ta lys is  but i t  has been observed that an amide substrate w e ll suited to
anch im eric  assistance was hydrolysed many orders of magnitude slow er by
CX-ct than w ere  o ther am ides. I t  m ust therefo re  be concluded that the general
base explanation is  not com plete ly sa tis fac to ry . M ost m echanism s, however,
involve general base cata lys is  and have as a ra te  de te rm in ing  step pro ton trans fe r.
The mechanisms can be divided in to  those in  which a hydrogen-bonding between
h is tid in e -57 and serine-195 is  postulated (e.g. Wang^^, B lo w ^^ ’ ^^), and those
98in  w hich no such bond is  postulated (e. g. Bender ). Composite m echanism s, 
which combine the best features o f previous proposals, have also been advanced
—73—
(e. g. L a id le r ’^ ^ ).
The mechanism which is  at present best in  accord w ith  the evidence
53 97observed, is  however, that of B low and co -w orke rs , who have shown ’ 
that there is  a buried  carboxyl group in  CX-ct (that of aspa rtic  acid -102) which 
is  hydrogen bonded to the im idazo le  group of h is tid in e -57. They propose that 
on ion isa tion  th is carboxyl group hydrogen bonds to the im idazo le  group of 
h is tid in e -57, which in  tu rn  hydrogen bonds to the hydroxyl group of s e r in e -195,
m aking the la tte r  a m ore  pow erfu l nucleophile. This mechanism  (Scheme 11), I
ili f  c o rre c t, means that the pK^ of 6. 8 is  that of the carboxyl group which is  ij
hydrogen bonded to the im idazo le  group. I
IA  consideration of the mechanism of CX-ct catalysed hyd ro lys is  should I
take account not only of the actual bond-breaking process which occurs, but also |
o f the equally im portan t nature of the active s ite . The mode of binding of the i
substrate to the enzyme, which is  contro lled  by the environm ent of the active  I
:js ite , is  responsib le fo r  the ch a ra c te ris tic  sp e c ific ity  of the enzyme. The j
I
existence of m ore  than one binding s ite  has been postulated fo r  CX-ct ; ^Ifo llow ing  a study of the stereo specific  hyd ro lys is  of L -enan tiom ers , spec ific  |
101 iand non-specific  binding s ites have been proposed. Some w o rke rs  also |
suggest that fo r  ce rta in  mechanisms a ro m a tic ity  in  the substrate is  im portan t I
fo r  the fo rm a tion  o f an ion  p a ir  between aspartic  a c id -102 and iso leucine-16 -  |
‘1
these residues being in  a non-po la r reg ion  of the active s ite . The active  s ite  has 
been successfu lly mapped by Cohen and c o - w o r k e r s a n d ^ u s in g  th is physica l I
s truc tu re  as a tem plate observed examples of sp e c ific ity  have been explained. I
1
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The o ve ra ll state of knowledge concerning the enzyme CX-ct is  that, %
although accurate co rre la tio ns  have been made between the observed ca ta ly tic  
action and the groups known to be involved in  th is action, there are  s t i l l  doubts 
as to the p rec ise  m echanistic nature of the process. Despite the ve ry  consider­
able amount of previous w o rk  concerning CX-ct, i t  was, in  conclusion, fe lt  
that an attem pt to separate s te ric  and e lectron ic  substituent effects in  a 
co rre la tio n  of the re a c tiv it ie s  of a se ries  of substituted phenyl acetates m ight 
y ie ld  in te res tin g  k ine tic  evidence concerning the ca ta ly tic  mechanism of CX-ct. H
€
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2. RESULTS AND DISCUSSION
The k ine tics  of the 0< -chym o tryps in  ( 0 (-c t) catalysed hyd ro lys is  of 
phenyl acetate and a series  of substituted phenyl acetates (the substituents being
3 -n itro  , 4 -b rom o, 4 -ch lo ro , 4-ethoxycarbonyl, 4 -n itro , 4-cyano, 2 ,4 -d in itro ,
2 ,6 -d in itro , 3 ,4 -d in itro , and 3, 5 -d in itro ) w ere studied in  a phosphate bu ffe r
of pH 7. 60 by spectropho tom etrica lly  m on ito ring  the re lease of the appropria te  
phenol. P re lim in a ry  observations showed that the k ine tics  of the reactions 
genera lly  fo llowed one of two d istinguishable patterns. Subsequent studies re ­
vealed that the f i r s t  group -  designated Group A  and containing substituents
4 -n itro , 2 ,4 -d in itro , and 3 ,4 -d in it ro  -  gave k ine tics  in  which there was an 
in it ia l-b u rs t  re lease of the parent phenol, fo llw ed by a slower,steady lib e ra tio n  
of the phenol (Table 24). The in it ia l-b u rs t  segment of the k ine tics  necessitated 
the use of stopped flow  spectrophotom etry. . w h ils t the steady state reac tion  was 
fo llowed using no rm a l spectroscopic methods. The re su lts  w ere  analysed using 
G utfreund’ s method (Appendix 3) w hich enables the ra te  constants k and k to 
be separated (see Scheme 9).
The effect of CX-ct concentration upon the steady state ra te  of hyd ro lys is  
of PNPA was studied (Table 25) and F igure  9 shows that there is  a lin e a r 
dependence of th is  ra te  on the enzyme concentration. Using approxim ate in it ia l 
ra te  data fro m  these reactions, a p lo t of enzyme concentration against the 
concentration of 4 -n itropheno l libe ra ted  during  the in it ia l rap id  b u rs t was
produced (Table 26, F igure  10). F rom  the gradient of F igu re  10,which has a |
value of 1. 09, i t  is  apparent that one m ole of CX-ct lib e ra te s , w ith in
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TA B LE  24
K ine tic  data concerning the CX-ct catalysed hyd ro lys is  
of va rious substituted phenyl acetate substrates a t 25.3^
(Group A)
I  = 0 .5 M [C X -ct]^  = 3.23 X  lO "^ M
pH = 7. 60 [subs tra te ] ^ = 1.2 x  10 M
Substrate •X ^obs steady-sta te ra te In te rcep t ^^ 3
nm 7 -1  10 . M . s 5 -1  10 M  s 10^. 8
PNPA 400 5. 50 8.5 2.66 1.71
2 ,4-D N P A 406 9.01 9.7 3.60 3.05
3,4-D N P A 400 7.42 9.3 3.30 2.32
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TA B LE  25
E ffect of CX-ct concentration on the steady-state 
hyd ro ly tic  reaction  of PNPA at 25. 3^
I  -  0 .5 M [ p N P A ]^  = 1 .2  x  lO "^  M
pH = 7.60 \  = 400 nm.obs
g (phenol) = 1. 628 x  10^1 m ol ^ at 400 nm 
10^ [CX-ct] M steady-sta te ra te . 10^. M . s ^
0.0  0.0
0.4 0,70
0.8  1.30
1.6 2.55
2 .4  3.69
3 .2  5.03
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T A B LE  26
Approxim ate in it ia l ra te  data fo r  the reaction  
between CX-ct and PNPA at 25. 3°
I  = 0. 5 M [pN P A ] = 1 .4  X  10“ ^ MO
pH = 7.60 = 400 nmobs
10^ [CX-ct] M Absorbance, 10*^  [4 -n itropheno l] M
0.0 0. 0 0. 0
0.403 0.06 0.37
0. 806 0.14 0. 84
1.613 0.27 1, 67
2.419 0.43 2.64
—81—
o  / steady-state rote M s
U1
(F igu re  9 ; V a ria tio n  o f the steady-istate ra te  fo r  the CX-ct catalysed 
hyd ro lys is  o f PNPA. at 25 .8 °, w ith  the concentration of Cy-ct)
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lO [4-nitrophenol ] M
O
O "’
Ln
(F igure  10 ; Approxim ate in it ia l ra te  data fo r  the 
CX-ct catalysed hyd ro lys is  of PNPA at 25.8°)
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experim enta l e r ro r ,  1 m ole of 4 -n itropheno l during  the p re -s teady state reaction .
Th is  re s u lt is  consistent w ith  being la rg e r  than ; in  such a case, the in it ia l
b u rs t corresponds to complete acyla tion  of the enzyme, w ith  a concom itant
re lease of the phenol. F u rth e r fo rm a tion  of 4 -n itropheno l is  contro lled  by the
re la tiv e ly  slow hyd ro lys is  of the acyl enzyme to regenerate the fre e  enzyme.
Th is  observation is  in  accord w ith  previous w o rk  by H a rtley^
The CX-ct catalysed reactions of the second group (Group B , com pris ing
the unsubstituted phenyl acetate^and substrates containing 3 -n itro , 4 -b rom o,
4 -ch lo ro , 4-ethoxycarbonyl, 2, 6 -d in itro , and 3, 5 -d in itro  substituents) w ere
studied using conventional spectroscopic techniques. A l l  the reactions gave
good f ir s t - o rd e r  k ine tics  (Table 27) over at least the f i r s t  three h a lf- liv e s .
Complex k ine tics  were^ however, produced when 4 -cyanophenyl acetate was
used as a substrate ; the Idnetics observed fa ll in to ne ither of the preced ing
patte rns, being ra th e r a composite o f both (Figure 11 ).
The figu res  in  Table 24 ind icate that the acyla tion ra te  constant (k^ in
Scheme 9) is  g rea te r than the déacylation ra te  constant (k^). The déacylation
ra te  constant has a s im ila r  value fo r  the three substrates used,ind icating that,
in  the ca ta ly tic  hyd ro lys is  o f the three este rs , the ra te  l im it in g  step occurs
102e ithe r before o r  a fte r the hyd ro lys is  of the esters. I t  has been observed 
that the ra te  l im it in g  step in  the CX-ct catalysed hyd ro lys is  of three phenylalanine 
esters was the decom position of the N-acetyl-L-phenyla lanine*-enzym e. F o r the 
series  of a ry l acetate substrates used in  th is  w o rk , the acyl-enzym e complex 
form ed is  iden tica l in  each case ; the ra te  of decom position of th is common
—84—
Absorbance
ro
(F igu re  11 ; CX-ct catalysed hyd ro lys is  of 4 -cy anophenyl acatate.at 2 5 .3?)
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TA B LE  27
K ine tic  data concerning the CX-ct catalysed 
hyd ro lys is  of va rious substituted phenyl acetates at 25. 3^
(Group B)
I  = 0. 5 M 
pH = 7.60
phenyl acetate
3-n itrophenyl acetate
4- ethoxycarbonyl- 
phenyl acetate
4 - chi o r ophenyl acetate
4-brom ophenyl acetate
[cX -ct] 3.23 X 10“ ^ M 
-4[substrate] ^ = 1. 2 x  10 M
5 -110 k(obs) s
6. 81
23.2
13.8
11.2 
13.1
k (obs) s
2, 6 -d in itrophenyl acetate 9. 60 x  10
3, 5 -d in it r  ophenyl acetate 1. 97 x  10
cr
0 .0  
+ 0.710
+ 0.450 
+ 0.227 
+ 0.232
—2
obsnm
275
400
294
293
278
426
400
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in te rm ed ia te  would thus be expected to be the same fo r  each substrate.
In  Table 27, which shows the f ir s t -o rd e r  ra te  constants obtained fo r
enzym atic hyd ro lys is  of Group B substrates, the substituent effects upon the
reaction  ra te  are  such that the data gives a lin e a r Ham m ett p lo t (using cr va lues).
The value of Ç obtained fro m  th is  p lo t is  0. 78 (F igure 12). Studies^^' of
im idazo le  ca ta lys is  of esters have shown that e ffective ca ta lys is  by th is  base is
associated w ith  a Ç value o f 1.90 ; F igu re  12, there fo re , suggests that im idazo le
is  not d ire c tly  responsib le fo r  the ca ta ly tic  hyd ro lys is  in  th is case. Such a
conclusion m ust, however, be treated w ith  c ircum spection, fo r  i t  is  by no means
ce rta in  that physica l data of th is  type, obtained in  homogeneous aqueous so lu tion,
78can be d ire c t ly  co rre la ted  w ith  the enzym ic environm ent .
The se n s itiv ity  of the reaction  ra te  to the substituent of the substrate 
can be understood in  te rm s of the e lec tron -dens ity  located a t the acyl carbon 
atom ; 3 -n itrophenyl acetate, fo r  instance, has a h igher ra te  of hyd ro lys is  than 
phenyl acetate because the e lec tron -w ithd raw ing  n itro -g roup  in  the 3 -pos ition  
fa c ilita te s  the fo rm a tion  of the phenol. A  com parison of Tables 24 and 27, and 
a consideration of the d iffe re n t types of Idnetics observed fo r  each group of 
substrates, indicates that there is  a change in  the ra te  de te rm in ing  step in  
proceeding fro m  Group A  to Group B substrates (i. e. to substrates w ith  im proved 
leaving groups). Group A  substrates have the déacylation ra te  (k^) as the ra te  
de te rm in ing  step, re su ltin g  in  the observed k ine tic  pa tte rn  (F ig u re 8 ), w h ils t 
fo r  Group B substrates the acyla tion ra te  (k^) is  the l im it in g  factor,and f ir s t -o rd e r  
re lease of the phenol is  observed. A  co rre la tio n  of mechanism w ith  pK^ value
-87-
(F igu re  12 ; Ham m ett p lo t fo r  the CX-ct catalysed hyd ro lys is  of substituted
phenyl acetates a t 25.3^)
I
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a
-
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of the leaving group would p re d ic t, however, that 2, G -din itrophenyl acetate and 
3, 5 -d in itrophenyl acetate would exh ib it Group A  type k ine tics  (Table 28) ;the 
c le a rly  anomalous behaviour w i l l  be discussed la te r .
An analogue com puter was used in  an attem pt to s im ula te  the observed 
k ine tics  of both classes of substrates (Appendix 4). By m atching analogue 
traces thus obtained w ith  experim enta l traces, i t  appears that Group B k ine tics  
are  produced by the postulated Scheme 9 when the ra tio  k  / k  is  g rea te r than 
one. Group A  k ine tics  are  produced when the ra tio  k ^ /k ^  is  much less than 
one. Such evidence supports the change in  mechanism postulated above. The 
k ine tics  pe cu lia r to 4-cyanophenyl acetate could not be sim ulated by tliis  method, 
although some ind ica tion  was found that the k ine tic  pa tte rn  could be duplicated 
by changes in  the ra tio  of the ra te  constants,^for the reaction ,w ith  tim e ] The 
analogue com puter -  which does not p re d ic t absolute values fo r  the ra te  constants 
but m e re ly  responds to changes in  the va riab le  k ^ /k ^  -  showed that the com­
pos ition  k ine tics  (Figure 11) would be observed if ,  as the reaction  proceeds, 
the ra tio  k / k  increases u n til i t  is  la rg e r  than one. A t th is  stage, the 
m echanism would be pred icted to re fle c t the change fro m  a Group A  to Group B 
m echanism . Although the p o s s ib ility  ex ists that th is  change is  an a r tifa c t of the 
constructed analogue (and i t  was unfortunate ly not possib le  to obtain accurate 
data fo r  th is  model, due to d iff ic u ltie s  encountered in  obtaining a sa tis fac to ry  
tim e-base to re fle c t the change in  value of k / k  w ith  tim e), i t  is  thought that 
th is m odel does indeed re fle c t a true  p ic tu re  of the processes occurlng during  
th is hyd ro lys is . One theory of enzym atic action postulates that the enzyme
—89"
TA B LE  28
Values of pK^ fo r  n itrophenols used in  th is study
r ’
substrate k ine tic  pa tte rn  observed
2 ,6-DNPA 3. 61 Group B
2,4-D N P A 3.97 Group A
3,4-D N P A 5. 53 Group A
3,5-D N P A 6. 73 Group B
4-N PA 7.14 Group A
3-NPA 8.40 Group B
4-CNPA 7.95 composite
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weakens the re levan t bond in  a substrate by inducing s tra in  w ith in  that bond.
In  some theories th is  s tra in  is  produced by a fas t substrate-induced iso m é risa ­
tion of va rious enzym atic groups. Such m athem atical changes in  the re la tive  
values of the ca ta ly tic  constants fo r  the 4-cyanophenyl acetate substrate m igh t 
correspond, in  v it ro ,  to the in te rfe rence , by the substrate, w ith  th is  conform a­
tiona l change in  the enzyme.
The anomalous behaviour of the Group B substrates 2, 6-DNPA and 
3, 5-DNPA cannot, however, be accounted fo r  by a change of ra te  de term in ing  
step in  Scheme 9 as the leaving group tendencies change. Exam ination of Table 
28 shows (using the pK^ of the libe ra ted  phenol as a m easure of the leaving 
tendency of that phenol) that 2, 6-DNPA and 3, 5-DNPA have pK^ values such 
that one would p re d ic t k ine tic  patterns in  accord w ith  those of Group A  sub­
s tra tes . Indeed, the base-catalysed hyd ro lys is  of PN PA, 2 ,4-D N P A  (Tables 
9 and 14), 3 ,4 -D N P A , 2, 6-DNPA, and 3, 5-DNPA (Tables 29 and 30) by both 
potassium  hydroxide and pyrid in e  y ie ld  k ine tic  data such that a p lo t of log  k^ 
against pK^ is  lin e a r. The enzym atic hyd ro lys is  of 2, 6-DNPA and 3, 5-DNPA 
there fo re  appears to be anomalous. The d isp a rity  between the pred icted and 
the observed ca ta ly tic  mechanism can be best understood by consideration of 
the s p e c ific ity  of 0 (-c t.
104Hein and N iemann have shown that the b ind ing sites of CX -c t  are  
arranged such that ce rta in  s tru c tu ra l arrangem ents are  p re fe re n tia lly  
hydrolysed. An example of one such specific  substrate is  N -a c e ty l-L -  
phenylalanine (Form ula  3). B low and co -w o rke rs^^^, who have been p a r t ia lly
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TABLE 29
so lu tion at 25.3 o
I  = 0 .5  M [substra te ] ^ = -5ca. 10 M
3,4-D N P A 2, 6-DNPA 3,5-D N P A
[k o h ] M -1k (obs) s
A
0.1 ' 2.40 6.47 0 .9 3 ^
0.2 4. 83 13.12 1.84
0.3 7.31 19.35 2.67
0.4 9.46 3.58
0 .5 11. 87 4.52
k 1 m o l ^ s ^ 24.1 64.1 8.9
/ obs"“ 430
T A B LE  30
426 406
H ydro lys is  of substituted a ry l esters in  pyrid ine
buffered so lu tion  at 25.3^
I  = 0. 5 M [subs tra te ] ^ = ca. 10 ^ M
3,4 -D N P A 2, 6-DNPA 3,5-D N P A
fre e  ^ k (obs) s ^
'  X  1 0 " ^ X  1 x lO " ^
0.080 0.74 0.14 0.65
0.16 1. 53 0.30 1.27
0.24 1.82 0.39 1.83
0.32 2.41 0. 51 2.25
0.40 3.07 0. 63 3.13
1 1 i" " l -1k 1 m ol s 7. 59 X  lO "^ 1.48 7.78 X  lo""'
‘^o b s “ “ 430 426 285
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CH.
OII
c
H
acyl-amido moiety
CH
O
c NH,
chymotrypsin- specific 
side chain
(Form ula  3 ; N -  a c e ty l-L -p h e n y la la n in e  -  an 0&-ct spec ific  substrate)
responsib le fo r  the phys ica l cha racte risa tion  of the active s ite  in  CX-ct, 
suggest that there is  a hydrogen bond between the am ido -N H - of the substrate 
and the carbonyl oxygen of serine-214. Data fro m  X -ra y  c rys ta llog raph ic  
s t u d i e s h a s  shown the existence o f cav ities around the active  s ite  environ­
m ent which can accommodate an a ry l group, an acyl-^amide group, a re s tr ic te d  
s ite  la rge  enough to hold only the CX-hydrogen of a specific  substrate , and a 
hyd ro ly tic  s ite  ; in  such a m anner these specific  substrates are se lec tive ly  
held and hydrolysed.
107I t  has been proposed that the hyd ro lys is  of spec ific  substrates 
fo llo w  the same mechanism  as PNPA and other non-specific  substhates. From  
the data in  Tables 24 and 27, however, i t  is  apparent that d iffe re n t substrates 
have d iffe re n t ra te  de te rm in ing  steps. The common fa c to r amongst the 
pseudo-specific substrates in  Group A , which separates them s tru c tu ra lly  
fro m  m em bers of Group B , is  that they possess a n itro -s u b s tituent in  the
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4-position . I t  is  proposed, there fo re , that th is unique 4 -n itropheny l m o ie ty  
allows Group A  substrates to bind in to  an enzymic cav ity  (probably that w hich 
accommodates the a ry l group of a specific  substra te ), thus achieving a p re ­
fe rre d  conform ation in  which the acyla tion of the enzyme is  a s te r ic a lly  
favoured reaction  ; hence is  la rge  in  com parison w ith  k^. Although 3, 5- 
DHPA and 2, 6-DKPA would be pred icted to evince k ine tics  o f the same type as 
Group A  substrates, the absence of a 4 -n itro -g ro u p  possib ly  h inders the 
achievement of the s te r ic a lly  favoured M ichae lis-M enton complex ; the incom plete 
atta inm ent of th is  state constra ins the now com para tive ly  unfavourable acyla tion 
reaction  to become the ra te  de te rm in ing  step. Under such circum stances 
Group B type Idnetics are  observed (Scheme 12). W here d iff ic u lty  is  experienced 
in  fo rm in g  an activated complex at the specific  s ite , a non-specific  substrate 
m igh t be hydrolysed at one o f the o ther non-specific  s ites detected by B low ^^^.
Another explanation fo r  the observed ca ta ly tic  d iffe rences m igh t be
that the fo rm a tion  o f the M ichae lis-M enton  complex is  fo llowed by iso m érisa tio n
108of the enzyme-sub s tra te  com plex ; fo llow ing  th is  iso m érisa tion , the acyla tion
of the enzyme occurs. Such an iso m eriza tion  m igh t, as a p re requ is ite , 
necessitate the fo rm a tion  o f a s te r ic a lly  specific  complex (the fo rm a tion  of 
which is  again assisted by a substrate possessing a 4 -n itropheny l group) be fore  
fu ll ca ta ly tic  a c tiv ity , is  attained, and the "sp e c ific  substra te " Idnetic pa tte rn  
is  observed (Scheme 13).
To some extent, the observation of "sp e c ific  substra te " ca ta lys is  by 
some substituted phenyl acetates is  ra th e r fo rtu itous  ; these substrates bear
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l i t t le  resem blance to the specific  substrates them selves, and the presence 
of the 4 -n itropheny l group appears to be o f much consequence. The 
CX-ct-catalysed hyd ro lys is  of amides dem onstrates analogous behaviour to 
that of Group B substrates in  that the acyla tion ra te  (k^) is  much sm a lle r than 
the déacylation ra te  Xk^)^^. G utfreund^^^ has observed that the CX-ct-catalysed 
hyd ro lys is  o f amides also fo llow s the mechanism shown in  Scheme 9 but that, 
in  con trast to "s p e c ific  substra te " type ester hyd ro lys is , the ra te  of fo rm a tion  
of the acyl-enzym e is  ra te - lim it in g .
I t  should, however, be noted that the fac to rs  which an enzyme can use
to in fluence its  ca ta ly tic  a c tiv ity  are many and va ried  ; o rien ta tion  effects,
rem ova l of w a te r fro m  reactants, bond s tra in , and acid-base cata lys is  have
a ll been shown to p lay a ro le  in  CX-ct ca ta lys is . The effect of freez ing  out
fre e  ro ta tion  around chem ica l bonds which connect two reacting  groups has been 
110demonstrated as having an e ffect in  CX-ct ca ta lys is . There is ,  in  v iew  of 
th is  m u lt ip lic ity  of fa c to rs , no reason to believe that any s ingle fa c to r is  of 
proém inent im portance -  ra th e r that the many aspects combine together to y ie ld  
the o ve ra ll ca ta ly tic  effect. The use of non-specific  es te r substrates to study 
the mechanism of ca ta ly tic  hyd ro lys is  by CX-ct m ost probably resu lts  in  subtle 
sh ifts  of emphasis in  the im portance of these various fa c to rs , and studies, 
such as th is , should be viewed against th is  background.
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3. EXPERIM ENTAL
(a) Sources, p u r ific a tio n , and p repara tion  of m a te ria ls
A l l  m a te ria ls  used in  k ine tic  studies were of AnalaR grade.
The enzyme (X -  chym otrypsin  (3 tim es c ry s ta llise d , ex. bovine pancreas, 
and sa lt- fre e ) was supplied by K och-L igh t L a b o ra to rie s , and was used w ithout 
fu r th e r  p u rifica tio n .
P repa ra tion  of substituted a ry l acetates
The substituted a ry l acetates used in  th is  study w ere  prepared by the
49method of B e ll, a lready cited in  the Experim enta l section of Chapter 2.
Relevant physica l data fo r  these compounds is  given in  Table 31. The phenols
TA B LE  31
P hys ica l data concerning substituted a ry l acetates
L i t
Substituent m . p. ® o r b .p .o n i.p .  ^ o r  b .p .® reference y ie ld % ^ b s " "
unsubstituted 77-79 (12 mm) 7 8-80 (10 mm) 114 69 275
4 -ch lo ro 140-2 (55 mm) 143 (55 mm) 80 72 305
4-brom o 150 (44 mm) 154(45 mm) 80 67 305
4-cyano 56-57 56 80 59 290
4 - e thoxycarbonyl 168(14 mm) 52 294
3 ,4 -d in itro 46 46-47 49 86 430
3 ,5 -d in itro 125-126 125-126 49 93 406
2 ,6 -d in itro 109-110 110-111 49 82 426
used in  these preparations w e re  fro m  Ralph Emanuel L td . (2, 6 -d in itropheno l, 
and 3 ,4 -d in itropheno l),o r K o ch -L igh t L td . (4-cyano, 4 -ch lo ro , 4 -b rom o, and
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phenol), w h ils t the 3, 5-d in itropheno l and the 4-ethoxycarbonylphenol were 
prepared by the methods given below.
112P repa ra tion  of 3, 5-d in itropheno l
D ry  3, 5 -d in itro an iso le  (0.1 m ol) was heated to 120^ w ith  tw ice its  
weight of fin e ly  powdered anhydrous a lum in ium  tr ic h lo r id e , and kept at th is  
tem pera ture  u n til the evolution of toxic m ethyl ch lo ride  had ceased (ca. 24 
hours). The reaction  product was then treated w ith  crushed ice  and the re s u lt­
ing solution made s trong ly  a lka line , cooled, and f ilte re d . A c id ifica tio n , fo llowed
by fu rth e r  cooling, p rec ip ita ted  the 3, 5 -d in itropheno l, wh ich was then tw ice
-3c rys ta llise d  fro m  ve ry  d ilu te  h yd roch lo ric  acid (10 M) to y ie ld  fine  co lourless 
c rys ta ls . The anhydrous phenol was obtained by heating these c rys ta ls , under 
vacuum, in  a d ry ing  p is to l (60° fo r  two hours). The product had a m e lting  
po in t of 121-122° (lit. 126°). Y ie ld  = 34% .
M ic roana lys is  :~
%C %H %N
Calculated 39.14 2.19 15.22
Found 37.92 2.15 14.93
P repa ra tion  of 4 - ethoxycarbonylphenol
Ethanol (8 m l), 4-hydroxybenzoic acid (0.05 m o l.) ,  and concentrated 
su lphuric  acid (0.1 m l. ) w ere  re fluxed in  benzene (60 m l. ) fo r  8 hours, using 
a Dean-Stark apparatus. The cooled so lution was washed w ith  d ilu te  sodium 
bicarbonate so lution (2 x  25 m l) and w ater (4 x  25 m l), and then d ried  over 
anhydrous ca lc ium  sulphate. The solvent was removed under reduced p ressu re
98-
and the re su ltin g  c ry s ta llin e  mass was tw ice c rys ta llise d  fro m  ch lo ro fo rm  : -  
m e ltin g  po in t, 116° ( lit^ ^ ^  116°), Y ie ld  = 59%.
M ic roana ly tica l data fo r  2 ,6-DKPA, 3, 5-DNPA 
and 3 ,4 -D K P A
Calculated % Found %
C H N C H N
2, 6-DNPA 42.48 2.65 12.39 42.29 2.75 12.46
3, 5-DNPA 42.48 2.65 12.39 42.14 2.66 12. 51
3,4-D N P A 42.48 2.65 12.39 42.48 2.59 12.54
(b) K ine tic  method
The phosphate bu ffe r used in  k ine tic  runs was fre s h ly  prepared by
m ix in g  potassium  dihydrogen phosphate (37.5 m l of 0. 5 M  solution) and sodium
hydroxide (15.7 m l of 1. 0 M  so lu tion), fo llowed by d ilu tio n  to 500 m l. w ith
d is tille d  w a te r. Th is bu ffe r (pH 7. 60) had an ion ic  strength of 0 .1  M . The
este r solutions used in  k ine tic  studies w ere fre s h ly  prepared before use in
spectroscopic grade a ce to n itr ile . Solutions used in  stopped flow  studies were
-4made up in  d ilu te  hyd roch lo ric  acid (10 M) to prevent spontaneous hyd ro lys is . 
The ion ic  strength of a ll solutions was maintained at 0. 5 M  by use of potassium  
ch lo ride .
The k ine tic  procedures used w ere  iden tica l to those cited in  the 
Experim enta l section of Chapter 2. In  o rd e r that the observed changes in  
optica l density o f the solutions could be converted in to  phenol concentrations, 
the m o la r extinction  coeffic ien ts  (£ ) w ere measured ;
-99-
O ptical Density
(ce ll thickness in  cm .) x  (m olar concentration )
In  the case of the stopped flow  experim ents, the oscilloscope g rid  was ca lib ra ted  
using bu ffe r solutions of known phenol concentration. A l l  phenols were found 
to observe Beers law  w ith in  the concentration ranges studied.
■f
t-
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APPENDIX 1
The de riva tion  of therm odynam ic functions fro m  
k ine tic  data
From  the A rrhen ius  equation,
, . -E /R Tk = A  exp
(where A  is  the preexponentia l fa c to r in  un its of k ), a p lo t o f log  k versus l / T
y ie lds  E (where a ll tem pera ture  values a re  in  un its of K e lv in ), the A rrhen ius
-1energy of activa tion  (cal. m ol. ), fro m  the re la tionsh ip ,
E = -  4. 576 X slope.
-1S im ila r ly , the enthalpy of activa tion  (units of ca l. m o l ) is  found fro m  
A  ^Z a  H = E -  RT 
where T is  taken as a mean value over the range studied. The entropy of ac tiva - 
tion, S (units of ca l. degree o r  entropy un its), may be determ ined fro m  the 
re la tionsh ip ,
A  = 4. 576 lo g (k /T ) + (E /T ) -  49. 22
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APPENDIX 2
Method fo r  obtaining the ra te  coeffic ien t and 
f in a l concentration o f product fo r  a f ir s t -o rd e r  reaction
114T h is  m athem atica l method was developed by Swinbourne and is
especia lly  usefu l when c ircum stances render conventional determ inations tedious
o r im p rac ticab le . I f  op tica l density readings a , a , . . . . ,  a a re  made at tim es1 2  nt t It , t    t , and a second se ries  a , a    a , is  made at the correspond-1 2  n 1 2  n
ing  tim es t^ + T , t^ + T ,  t^  + T (where T is  a constant) then,
and
<^ ao - V  = <^ CD -
-  a ,. ) = ( a ^  -  a^) exp [  -k ( t^  + T)]
D iv id ing  one equation by the o ther, and rea rrang ing  a^ = a ^  (1 -  exp. kT) + 
a^ exp. (kT). By p lo ttin g  the op tica l density readings o f the f i r s t  se ries  against 
those o f the second se ries , a s tra ig h t lin e  w i l l  be obtained ; the ra te  coeffic ien t 
m ay be evaluated fro m  the lo g a rith m ic  slope of the line . When t = 00  ,
ta^ = a^ = a ^  , and thus the op tica l density at th is  boundary l im i t  can be evaluated.
In  o rd e r to obtain re lia b le  estim ates of k and a ^  , the data should beOO
recorded over a period  of tim e g rea te r than two h a lf- liv e s  (2 x  + ti) ;  T  should be
in  the o rd e r of 0. 5 to t^. I t  should also be noted that the method is  re la tiv e ly  
2 2
in sens itive  to deviations fro m  s t r ic t  f ir s t - o rd e r  law , and i t  is  the re fo re  advisable 
to undertake a p re lim in a ry  check to con firm  that the reaction  under analysis 
conform s to such a k ine tic  law .
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APPENDIX 3
The evaluation of ra te  constants involved in  
enzym atic reactions
This method, developed by G utfreund^^^’ allows the determ ination 
of the ra te  constants fo r  the acyla tion process (k^) and the déacylation process 
(kg) fro m  presteady state data fo r  the hyd ro ly tic  reaction  between CX - c t  and 
various specific  substrates (see Scheme 9, reproduced below).
k ,
(1) E + S \ ^  ES . .
kg(2) ES ---------- >  ES + P ,
' kg(3) ES ------>  E + P
I t  is  assumed that c (where c re fe rs  to the concentration of specieso X
X) is  la rge  enough so that, on the tim e scale considered, the f i r s t  trans ien t
phase (1) -  the fo rm a tion  of the M ichae lis  -  Menton com plex -  is  su ffic ien tly
rap id  to be considered instantaneous (the singulate pe rtu rba tion  approxim ation) ;
fu rth e r, that the to ta l enzyme concentration (c °) is  equal to c plus c ^E Eb Eb
(Cg being neg lig ib le ).
1The ra te  of production of ES is
= kg Ogg -  kg Ogg'
dt
k2 °E  -  <kg + kg) Ogg'
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R earranging,
= (kg + kg) dt.
°ES '
k g + k g
On in teg ra tion
X)
dx = -  log^ (1
W  = <kg Og )
(kg + kg)
1 - e "(k2 kg) t
- X ) J
1
(Boundary conditions : -  t = o, c ^  = o).ilib
RecaU <=eS = V  " °Es' " kgO^g
"d t
Hence,
°ES = °E °  - /  kg °E °
k2 + kg
1 - e'(kg + kg) f
and so, dc = k_ ' p i  2
dt
r
°E °
k2 °E °
k2 + kg
1 -  e '(k2  + kg) t
i .  e. dc = k „  c „®  Pi 2 E
dt kg + kg
In teg ra tion  gives, (N.B. J
kg + kge -(kg + kg) t
-X , -X ,e dx = -  e )
c = k_ k_ c „o  t 
' ip.. 3 2 E -c_T/ ‘"2kg + kg
o /  k 
'E kg + kg
e -(kg  + kg) t
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The general equation fo r  the production o f phenol is  thus,
k.
kg + kg kg + kg
1 -  e -(kg  + kg) t
F o r sm a ll t, e (kg ^  kg) *■ jg  approxim ated by
Therefore ,
V  = ° E k g ‘
F o r la rg e r  t. e -(kg  + kg) t
l - ( k g  + k g ) t
(fo r sm all t)
— > O and there fo re
P °  E kg kg
kg + kg kg + kg
The expression fo r  c can thus be treated in  two ways to co rre la te
^1
w ith  the experim enta l re su lts .
F rom  the graphs p lo tted of experim enta l re su lts , we there fo re  have
the means to separate k^ and k^. A  specimen trace  (that o f PNPA and CX -c t)
is  given in  F igu re  '8J, and fro m  th is data Gutfreund’ s method y ie lds  the values
of k and k given in  Table 24.2 3
Gutfreund’s method of analysis provides a general method fo r  the
evaluation of enzym ic processes ; many methods have now been developed
117 118which deal w ith  m ore  spec ific  cases ’ , and sophisticated com putational
techniques can now be u tilis e d ^^^ .
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APPENDIX 4 
C a lcu la tion  o f ra te  constant ra tio s  fo r  
enzym atic reactions, u t il is in g  analogue techniques
The effect o f va ry in g  the ra tio  k / k  (see Scheme 9) on the type of 
k ine tics  observed fo r  the CX-ct catalysed hyd ro lys is  of a se ries  of ester 
substrates was investigated using  an analogue com puter. The com puter ( an 
E. A. I. Pace, m odel T R -4 8 ) does not calcu la te absolute m athem atica l values 
fo r  the ra te  constants, but m e re ly  allows the effect,on the reaction , of va ry in g  
the ra tio  k  / k  to be studied. The k ine tic  analogues thus obtained can be 
recorded on a chart re co rd e r and compared w ith  the experim enta lly  observed 
resu lts . In  th is  fashion, i t  has been possib le  to show that the d iffe r in g  k ine tics  
observed fo r  Group A  and Group B substrates (Chapter 4) a re  caused by a 
change in  the re la tiv e  values of k^ and k^ ( i.e . a change in  the ra tio  k ^ /k ^ ) .
The basic com puter c ir c u it  consists of e lec tron ic  adders, va riab le  
m u lt ip lie rs , and in teg ra to rs  which c a rry  out the m athem atica l functions. The 
input of in it ia l conditions is  by  means of potentiom eters, and the ra te  constants 
a re  set by res istance d iv id e rs , ca lled constant m u lt ip lie rs . The output is  
obtained as a trace  on an oscilloscope, w ith  a chart re co rd e r lin k -u p . The 
com puter is  able to solve the n o n -line a r d iffe re n tia l equations which a r is e  in  the 
study of reaction  k ine tics . The accuracy is  comparable to the experim enta l 
accuracy fo r  enzyme k ine tics  (i. e. between one and fiv e  percent). A  schem atic 
d iagram  of the analogue com puter p rogram m e fo r  the M ichae lis  -  Menton 
mechanism is  given in  F igu re  13.
106'
_o
CL
CO
ü_
LO
-107-
The sim ula tions made in  the program m e are o f (from  Scheme 9) ; 1
= k jE ]
dt
Æ  = kg [E S '] -  k g [E ]
d t
dEs' = k [e ] - k [Es' ]
dt
The general nature o f the curves (see Table 32 and F igu re  14, fo r  
example) show how a v a r ia tio n  in  k  / k  ra tio  effects the k ine tics  observed.o Z
F o r low  k  / k  ra tio , k  dom inates, as would be e3q>ected i f  the slow step is  -
decomposition of the acylated enzyme (as in  Group A ). A t h igher ra tio s , k^ 
becomes m ore  im po rtan t ; there is  thus evidence fo r  a change in  the slow step,^ 
fro m  the o ve ra ll shape of the trace  obtained.
From  these s im u la tions, a kg /k^  ra tio  of approxim ate ly 10/1 o r  less 
(i. e. 10/1 kg/kg < ; 5/1) seems to y ie ld  Group B type k ine tics , w h ils t â
sm a lle r ra tio s  give the pa tte rn  observed fo r  Group A .
TA B LE  32
Analogue data approxim ating to Group B substrate 
behaviour
kg/kg = 10/1
t  0 2 4 6 8 10 12 14 15
tim e  un its
c 0 6.22 10.61 12.44 13.54 14.09 14.45 14.82 15.00
concentration 
un its
General re fe rences fo r  Appendix 4 ; 120, 121, 122
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Concentration
( j i
O
INJ
O
(F igu re  14 ; Analogue s im u la tion  of observed k ine tics  o f the 0< -c t catalysed
hyd ro lys is  of Group A  substrates)
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APPENDIX 5 
C ata lys is  by pyrazo le  and 4 -d im ethy lam inopyrid ine  
in  the h yd ro lys is  of 2 ,4 -  DNPA
The ca ta ly tic  e ffect of pyrazo le  (Table 34) and 4-dim .ethylam inopyrid ine
(Table 35) in  the hyd ro lys is  o f 2 ,4 -  DNPA was studied u t il is in g  the same
methods and experim enta l de ta ils  c ited  in  Chapter 2. A  com parison (Table 33)
of the ra te  coeffic ien ts foundjW ith those found fo r  p y rid ine  bases (Chapter 2)^
ind ica tes, once again, that a p lo t o f p y rid in e  pK^ against log  k  is  not lin e a r.
—2The ca ta ly tic  ra te  constant observed fo r  pyrazo le  is  sm a lle r (9.26 x  10 1
-1 -1m ol s ) than those observed fo r  the p y rid ine  bases ; such a d iffe rence in
ca ta ly tic  e ffect would be accounted fo r  by the fac t that pyrazo le  is  a com parative ly
weak base (pK^ = ca. 2 .5 ).
TA B LE  33
C ata ly tic  coeffic ien ts  fo r  the base-catalysed 
hyd ro lys is  o f 2 ,4 -D N P A
k/1 m ol ^ s ^
P y rid in e  1.60
3- M ethylpy r id in e  6.50
4 - Me thylpy r  id ine 8.02
4 -D im ethy lam inopyrid ine  124. 8
-2P yrazo le  9.26 x  10
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TA B LE  34
H yd ro lys is  of 2 ,4 -D N P A  in  a pyrazo le  bu ffe r at 25. 3^
I  = 0. 5 M [ substra te ] ^ = ca. 10 ^ M
= 350 nmobs
[p y ra z o le ] ^  10^. k(obs) s~^
0.430 4.08
0.344 3.07
0.258 2.40
0.155 1.45
TA B LE  35
H yd ro lys is  of 2 ,4 -D N P A  in  a 4-d im ethy lam inopyrid ine
b u ffe r at 25 ,3°
I  = 0. 5 M  [s u b s tra te ]^  = ca. 10 ^ M
, = 406 nmobs
[4 -d im e thy lam inopyrid ine ] M k(obs) s ^
0.275 34.6
01222 27.2
0.183 23.4
0.140 17.6
0.105 13.6
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APPENDIX 6
Heavy m eta l ion  ca ta lys is  of the reaction  between 
2 ,4 -D N P A  and 2 (2 -hydroxye thy l)-pyrid ine
The reaction  of trie thanolam ine w ith  n itrophenyl acetates is  catalysed 
123by d iva lent heavy m eta l ions ; ra te  enhancements of 100 -  1000 have been 
observed fo r  ce rta in  m eta l ions. The high re a c tiv ity  of these systems has been 
shown to be due to the alcoholate group o f the m etal-bound base, whose pK^ has 
been lowered by the p ro x im ity  of the m eta l ion. The la b ile  nucleophilic  alcoholate 
thus form ed attacks the substrate causing its  a lcoholysis and fo rm in g  the 
O-acylated base.
In  v iew  of these find ings, i t  seemed reasonable that a base such as
2(2 -hyd roxye thy l)-pyrid ine  should give a s im ila r  ra te  enhancement in  an
analogous s ituation. A  series of experim ents in  which the hyd ro lys is  of
2 ,4 -D N P A  was fo llowed (by spectrophotom etric m on ito ring  o f the appearance
of the libe ra ted  phenol) in  the base-bu ffe r system containing a 0. 032 M  so lu tion
of the m eta l n itra te  under study. The ion ic  strength was m aintained at 0 .1  M
by addition of sodium n itra te  (see Table 36). A l l  runs gave good f ir s t -o rd e r
k ine tic  p lo ts . Salts o f m e rcu ry  and lead gave p re c ip ita tion , and hence th e ir
k ine tics  could not be examined.
The resu lts  show that copper and iro n  salts gave ra te  enhancements
the la tte r  by a lm ost a fa c to r  of a hundred (over the spontaneous ra te ). An
attem pt to determ ined the nature o f the product by the hydroxam ic acid method 
124fo re s te rs  was unsuccessful. I t  is ,  however, thought that a s im ila r
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TA B LE  36
H yd ro lys is  o f 2 ,4 -  DNPA in  a base-buff e r, in  
the presence of heavy m eta l s a lts , a t 25.3^
[base] = 0.064 M  I  = 0 .1  M
(Scheme 14)
In  v iew , however, o f p revious w o rk  w ith  O -a ce ty l-2(2 -hyd roxye thy l)-pyrid ine  
i t  is  fe lt  that th is  species would qu ick ly  decompose to y ie ld  acetate ion and 
base.
fre e  * |ij
[substra te ] ^ = ca. 10 M obs ~ ^
M eta l 10 . k(obs). s "
1.04
Cm(NOg)g. 3HgO 4.11
Co(NOg)g. 6HgO 1.11
N i(N O J . 6H O 0.98
8r(NOg)g. 1.43
Fe(NO„)„. 6H O 93.2o Z Â
Ca(NOg)g. 4H O 0.99
Zn(NOg)g. 6HgO 1.01
123mechanism operates to that proposed by S halitin  (who d id detect an O-acylated 
product) -  see Scheme 14.
I
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